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ABSTRACT
PERFORMANCE OF CONCRETE TUNNEL SYSTEMS SUBJECT TO FAULT
DISPLACMENT
FEBRUARY 2019
MICHAEL G. MORANO, B.S., UNIVERSITY OF MASSACHUSETTS AMHERST
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Dr. Scott A. Civjan
A Finite Element Analysis (FEA) investigation of concrete tunnel systems traversing
seismic faults is carried out to determine how to effectively mitigate the stresses induced
in the liner when subject to fault displacement. A parametric study of various fault
parameters, both in the damage zone and competent rock, is carried out to determine the
site conditions which induce the most stress on the tunnel liner system. Results indicate
that friction angle, cohesion, and elastic modulus of fault zones have varying effects on
the stresses induced on the liner. The width of damage zone and expected displacements
are also investigated and it has been shown that even small displacements over narrow
damage zones, around 10 m, can still result in significant damage to the concrete liner
whereas in wider damage zones the effects of the displacement are more evident. The use
of flexible joints in what is known as the articulated design method is investigated to
mitigate the stresses induced by fault displacement and discussed. Several orientations,
lengths and variations in relative stiffness of these flexible joints are investigated to
determine their optimal effectiveness. Results show that this is an effective solution
which can be used in design and repair of tunnels to mitigate the stresses and resulting
damages to concrete tunnel liners subject to fault displacement.
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CHAPTER 1
INTRODUCTION
1.1 Overview
Tunneling is a large industry, from the underground construction of transportation
tunnels to relieve surface congestion to lifeline systems required to provide essential
utilities. Although avoided if possible, it becomes inevitable that some of these systems
will cross faults in seismically active regions. This is a problem in areas such as the state
of California which is a well-documented, seismically active area, namely due to the San
Andreas Fault system in southern California. Tunnels in these regions are not only subject
to dynamic loading from earthquakes, but those which cross active faults are also subject
to a large degree of fault dislocation. Stability, strength and serviceability immediately
become issues as the tunnel is forced to deform with the fault, which can cause major
damage to the concrete tunnel liner. Figure 1.1 illustrates the damage to tunnel liners due
to the shear deformations imposed by the surrounding ground. The mitigation of damage
to tunnel liners caused by fault dislocation is the focus of this research.

Figure 1.1: Sheared off lining due to displaced fault. (a) sheared off damage
observed in tunnel; (b) sketch of lining damage due to shear deformation imposed by
surrounding ground (Wang et al. 2012) (Used by permission).
1

1.2 Tunnels & Background of Tunneling
Tunnels are constructed in a multitude of ground conditions varying from soft clays
to hard rocks and the method of construction is highly dependent on these ground
conditions as well as other factors, such as groundwater conditions, depth of tunnel and
diameter of the tunnel. Today, there are three general methods of tunnel construction: cutand-cover tunneling, immersed tunneling, and bored tunneling as depicted by Figure 1.2.
In this research the latter method is of most concern as cut-and-cover and immersed tunnels
are not subject to fault displacement to the same degree as bored tunnels. The methods of
tunneling described herein, are not meant to be an exhaustive detailing or design procedure
of each method, but rather a succinct description of the approach and evolution of each
method. It should be noted the methods described here are not the only methods of tunnel
construction used in practice.

Figure 1.2: Preliminary tunnel type selection for a typical road tunnel (Ezekiel
Enterprises, LLC) (Used by permission).
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1.2.1 Cut & Cover Tunnels
The opening of America’s first subway system – only two miles long – was
achieved in 1897 due to the new technique at the time, known as cut and cover (Roach et
al. 2017). In this method of tunnel construction, a trench is cut into the ground where the
tunnel box is framed, and then covered which allows activities at the surface to continue
while the final adjustments to the tunnel are made underground, depicted in Figure 1.3.
Albeit an impressive achievement at the time, this subway system was quickly
overshadowed in 1904 by New York’s 21-mile subway system project designed by
William Barclay Parsons, whose firm (Parsons Brinkerhoff) improved and refined the cutand cover method throughout the twentieth century (Roach et al. 2017). This method is
well-proven technique for the construction of shallow tunnels reaching 15 meters in depth
(up to 30 meters is possible but requires much more support structures) and is commonly
used in constructing tunnel portals (Mohammed 2014).

Figure 1.3: Cut-and-cover tunnel construction method being implemented for a railway
project in Los Angeles, California (Ethan Elkind 2014).
3

Figure 1.4: Section of the Shirley Gut Siphon before being sunk into the Boston
Harbor (Duxbury Rural & Historical Society) (Used by permission).

1.2.2 Immersed Tube Tunnels
In lieu of a bridge, or where bridge construction is not possible, an immersed tube
tunnel construction method is a viable technique to cross rivers or other bodies of water.
As the name implies, this method consists of floating prefabricated, water-tight, tunnel
sections into place, and lowering each section into trenches that are dredged out of the river
or seabed before being backfilled (Bickel et al. 1996). The use of this technique was first
adopted to transport sewage underneath the Boston Harbor by the means of an iron tube
known as the Shirley Gut Siphon (Figure 1.4), constructed in 1896 (Lotysz 2010). Some
fifteen years later, The Michigan Central Railway Tunnel, the first immersed tunnel to
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carry traffic, was constructed beneath the Detroit River connecting Detroit, Michigan with
Windsor, Ontario (Lotysz 2010). Bickel et al. (1996) cites that this method of tunnel
construction is the most economically inexpensive option for crossing bodies of water,
under favorable conditions.

Figure 1.5: James Robbin’s rock tunnel boring machine used in the Oahe Dam Project
(TunnelingOnline.com).

1.2.3 Bored Tunnels
Although the earliest forms of mechanized tunneling were developed throughout
the 1800s, it was not until 1952 that modern tunneling techniques were realized when
James Robbins completed the Oahe Dam diversion project in South Dakota with the use
of his rock tunnel boring machine shown in Figure 1.5 (Roach et al. 2017). The further
evolution of tunnel boring machines (TBMs) that propelled tunneling into the modern era
was the development of rotating cutterheads and shields. TBMs are often used in bored
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tunnel construction because they make it possible to accommodate tunnels at great depths
as well as a wide variety of diameters. A very well detailed development of TBM
technology throughout history can be found in pertinent literature (Roach et al. 2017).

Ring 2
Ring 1

EPDM Gasket

Radial Bolt Pocket
Lock-up Dowel Socket
CIRC. Connection Alignment Marker
Laser Target Dimple
Grout Socket
Segment Type and Hold ID
Rotator Pocket
Vacuum Lift Shear Pocket
Joint ID

Figure 1.6: Schematic of precast concrete ring constructed by a TBM during bored tunnel
construction (CSI Tunnel Systems) (Used by permission).

Generally bored tunneling is split into two main categories: soft ground tunneling
and hard rock tunneling. TBMs can be custom built to fit the needs of any individual project
in order to accommodate specific site conditions and both operate in similar ways
regardless of ground conditions. TBMs have a rotating cutterhead equipped with rotating,
high-strength steel disc cutters and cutting knives which grind away at rock and soil
6

through high contact pressure. The cuttings are then transported out of the tunnel via a
conveyor belt, normally to ground level where it is properly handled. After one tunneling
sequence stops, a mechanized erector arm behind the cutterhead takes precast ring
segments of reinforced concrete and inserts them into the correct position so that tunnel
workers can radially secure the ring segments together with bolts. A typical precast
concrete tunnel liner ring is illustrated in Figure 1.6. These ring segments can also be
reinforced by hand-tied or welded deformed steel bars and the selection and design of these
options are in response to temporary and long-term loading conditions; however, it is not
the only option as bent, high-strength steel fibers have become popular reinforcement in
precast concrete tunnel liners (Roach et al. 2017). The newly constructed ring is then
longitudinally secured to the previous ring in the sequence. All of this is commonly done
under the protection of a shield which increases the safety of workers from falling debris
from the freshly cut tunnel before the liner is erected. The gap between the outside of the
liner and the soil is often grouted as a form of waterproofing the tunnel. The grouting can
be done by the shield to fill this gap as the TBM progresses or can be done by workers
inside the tunnel through special precast grout holes in the liner. In some circumstances of
hard rock tunneling where the rock is considered strong enough by geologists, a TBM
shield may not be needed. Once a ring is erected under the cover of the shield, the TBM
uses hydraulic cylinders to push off the newly erected ring, and the tunneling process
begins again. However, in exceptionally strong rock, there are also Gripper TBMs which
utilize the surrounding rock to thrust the TBM forward as opposed to thrusting off the liner
itself. This alternating process of tunneling then erecting occurs continuously until the
entire tunnel is completed. Although advance rates of different TBMs vary based on ground
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conditions, a typical advancement is approximately 100 feet per day. Soft ground TBMs
can be further separated into earth pressure balanced (EPB) TBMs, and slurry pressure
balanced (SPB) TBMs.

Figure 1.7: Typical schematic diagram of EPB TMB (p3planningengineer.com).

Figure 1.8: Typical schematic diagram of SPB TMB (p3planningengineer.com).
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These two machines use slightly different methods to utilize soil cuttings from the
face of the tunnel to “balance” the pressure of the unstable tunnel face during the tunneling
process in soft ground (Roach et al. 2017). EPB machines collect excavated material behind
the cutterhead to counterbalance earth and water pressures at the tunnel face by regulating
how much cuttings are allowed out through the use of a screw (Mohammed 2014). SPB
machines mix the cuttings with bentonite slurry to maintain a pressure balance at the face
of the tunnel (Mohammed 2014). Schematics of typical TMB configurations are shown in
Figure 1.7 and Figure 1.8. Regular maintenance is required to maintain the quality of the
cutting discs from deteriorating, and when this needs to be done, tunneling is paused and
workers can access just behind the rotating cutterhead to carry out repair work via a
pressurized air lock, safe from potential danger. Routine maintenance of the cutterhead is
essential since TBMs tend to work 24 hours per day until the project is complete.
Another philosophy and approach to bored tunnel construction was developed in
1964 by Austrian professor, Ladislaus von Rabcewicz, who coined the term “New Austrian
Tunneling Method” (NATM) which consisted of shotcrete and lattice girders (Roach et al.
2017). In 1979, a bid for the NATM in the construction of The Dortmont/Mount Lebanon
Tunnel was chosen in favor of more traditional methods of tunneling and is cited by Roach
et al. (2017) as notable for being one of the early introductions and adaptations of the
NATM into the United States. Since, NATM has been commonly referred to in the United
States as the “Sequential Excavation Method” (SEM). The key principles of this approach
include sequentially excavating, then supporting the opening with the closure of a lattice
girder ring segment, which purposefully mobilizes the strength of the surrounding ground
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for use as the main structural component of the tunnel by maintaining controlled
deformations (Karakus & Fowell 2004). Karakus & Fowell (2004) describe the initial and
primary support means for this method as “consisting of systematic rock bolting or
anchoring and thin semi-flexible sprayed concrete lining” commonly referred to as
shotcrete which is usually reinforced with a mesh of wire fabric. The lattice girders of the
rings come in straight and curved sections which allows for flexibility in creating complex
cross-sectional tunnel shapes and help in guiding “the proper depth of shotcrete placement
in final lining applications,” (Roach et al. 2017). Figure 1.9 is a diagram of a typical lattice
girder segment used in ring construction. Figure 1.10 shows lattice girder and lining
installation in a tunnel cavern as typical in NATM or SEM.

Figure 1.9: Typical three-strut lattice girder fabrication details (DSI Tunneling LLC).

It is not uncommon that TBM and NATM/SEM methods are employed together in
the construction of bored tunnels. Whereas the TBMs make used of a large rotating
cutterhead for full-face excavations of underground tunnels, NATM/SEM philosophy takes
advantage of sequentially excavating a pattern when advancing the tunnel. Although
advancement is slower than that of a TBM, this method becomes advantageous in soft or
weak ground conditions, when full-face tunneling is more difficult, thus the excavation of
10

the face of the tunnel is “usually divided into small cells that will help the ground stand
until completion of the lining,” (Karakus & Fowell 2004). Figure 1.11 shows several
common excavation patterns for advancing the tunnel face where the numbers identify the
sequence of the excavation.

Figure 1.10: Typical lattice girder installation (David R. Klug & Associates) (Used by
permission).

(a)

(b)

(c)

(d)

Figure 1.11: (a) is a full-face excavation pattern, (b) partial excavation, top
heading/benching/invert, (c) partial excavations, caverns, and (d) partial excavations with
side drifts (railsystem.net).
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1.3 Faults & Faulting
A fault is break in the rocks of the Earth’s crust where there is relative movement
on either side of the discontinuity. This movement can happen very slowly over time as
rocks move and deform past one another or very suddenly when a fault ruptures and an
earthquake ensues. In areas of repeated faulting, instead of a single discrete break, fault
zones are formed and are composed of smaller regions of parallel or branching faults
usually separating masses of broken rock (Davis et al. 2012). The wider the fault zone, the
more displacement imposed on the zone, in general (Davis et al. 2012). The fault plane is
the flat surface of the fault which defines the blocks on either side of the fault. Fault planes
are typically not oriented 90 degrees to the horizontal plane, and the angle between these
planes is defined as the dip. When this fault plane is not vertical (90 degrees), the block of
fault immediately below the fault plane is defined as the footwall and the block above is
referred to as the hanging wall. The net slip of a fault is defined as the movement of the
hanging wall relative to the footwall, parallel to the fault plane. The lateral component of
the net slip is known as the strike-slip and the vertical component is known as the dip-slip,
as shown in Figure 1.12 (Davis et al. 2012).

Figure 1.12 Diagram illustrating the components of net-slip (Masdouq Al-Taj).
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There are three main types of faults, as shown in Figure 1.13, which develop under
different states of stress and are generally classified by the type of movement across the
fault plane. However, it should be noted that there are other types of faults characterized
by a combination of movements, stresses and also rotations. The first category of faults is
normal faults, which are faults formed under tension and extension causing the hanging
wall to move downward relative to the footwall in response to gravity (Earle 2015).

Figure 1.13: Schematics of a normal fault, reverse fault and strike-slip fault (KGS
at the University of Kentucky) (Used by permission).

Normal faults are often found at divergent plate boundaries, where parts of the
Earth’s crust are being pulled apart. Faults formed under compressive stresses are reverse
faults, and their movements are characterized by the hanging wall moving upwards relative
to the footwall (Earle 2015). Reverse faults are characteristic at convergent plate
boundaries where one tectonic plate is subducted beneath the other as they are compressed
together. A thrust fault is a specific type of reverse fault with a shallow dip angle relative
to the horizontal (less than 45 degrees) where the hanging wall moves above the footwall
(Davis et al. 2012). Strike-slip faults often have a very steep or vertical dip, where the
movement is characterized as mainly horizontal in the plane of the fault with very little to
no vertical deformation, as in the case of a transform fault (Earle 2015). Shear stresses
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along the fault plane are the main source of this lateral movement. The reality is that faults
and the interaction of stresses and strains within the Earth’s crust are far more complex
then described here, but the descriptions given in this section suffice for the purposes of
this research.
Rocks transformed during faulting can be thought of as brittle or ductile fault rocks,
each formed depending on the deformations mechanisms of faulting or shearing present,
although the specific nature of fault rocks depends also on starting materials and fault
conditions (Davis et al. 2012). Brittle fault rocks are formed under frictional sliding and
cataclasis, which is defined as “the pervasive brittle fracturing and granulation of rocks,
generally along faults and fault zones,” by Davis et al. (2012). These brittle fault rocks can
be further organized as incohesive brittle fault rocks (breccias) and cohesive brittle fault
rocks (cataclasites). The former is normally formed within the top of the Earth’s crust,
within a depth of about 4 km, whereas the latter is formed when temperature and strain
rates are right, usually at greater depths (Davis et al. 2012). Accordingly, ductile fault rocks
are formed under ductile deformation mechanisms of faulting and shearing such as ductile
dislocation creep. Conditions for ductile flow of rock is commonly at great depths with
high temperatures and pressures, except for weak rocks with can undergo ductile
deformations at relatively shallower depths were temperature and pressure are not as great
(Davis et al. 2012). The conditions in which these rocks normally form are similar to that
of the formation of metamorphic rocks and have similar characteristics, both containing
foliations, parallel alignments of planar fabric elements of rock, and metamorphic minerals.
However these types of rocks are distinguished from metamorphic rocks and are called
tectonites or assigned mylonitic rocks (Davis et al. 2012).
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1.4 Tunnel-Fault Interaction & Crossing Strategies
Ignoring the dynamic effects on a tunnel due to an earthquake, tunnels that cross
faults are subject to the sudden static displacement of the fault rupture. The displacement
of the fault across the tunnel induces shear and bending stresses which can cause damage
to the tunnel liner, hindering its serviceability including groundwater leakage and
misalignment of road or railway. In regions where expected fault displacements are large
enough that they can be considered catastrophic to the tunnel, measures must be taken such
that the shear and bending stresses induced in the liner are diminished, allowing the tunnel
to remain serviceable and result in damage that could be easily repaired. There are two
feasible strategies of tunnel construction to mitigate damage to tunnels due to fault
dislocation (Russo et al., 2002).

Figure 1.14: Over-excavation strategy for crossing seismically active faults.

The first method is generally referred to as over-excavation, in which the tunnel is
bored through the fault with an enlarged cross section and double liner system, shown in
Figure 1.14. The gap between the inner and outer liner is filled with foam as protection
against sudden fault rupture, allowing the systems within the inner liner to remain
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serviceable. An issue that arises is the economic limitations on the width of the cross
section that would need to be excavated for implementation of this strategy.
The second strategy is in the form of an articulated design shown in Figure 1.15, in
which the portion of tunnel crossing the fault zone is segmented into individual sections,
with the idea to concentrate deformations at the joints between segments allowing the
tunnel to bend through the fault rupture while remaining serviceable. Flexible joints
between rigid segments of tunnel are expected to make the tunnel flexible enough to
tolerate the moment and shear stresses generated by fault dislocation. For this strategy to
be implemented effectively, the design of the segment length and joint stiffness are
controlled by width of the cross section, expected fault displacement, soil and rock
properties, element kinematics, etc. (Russo et al. 2002). When implemented effectively,
this design method is meant to concentrate damages at these flexible joints without
uncontrollable damage propagation through the tunnel liner. To further increase the
strength and ductility of the tunnel liner, steel fiber reinforced concrete (SFRC) is often
used in tunnel liners.

Figure 1.14: Articulated design strategy for crossing seismically active faults.
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1.5 Objectives & Scope
The primary objective of this thesis is to investigate the effectiveness of the
articulated design method in mitigating stresses in the tunnel liner system and resulting
damages due to fault displacement. The scope of this work is accomplished using Finite
Element Analysis (FEA) software, specifically ANSYS Workbench, to investigate tunnelfault interaction. Using ANSYS, properties of the competent rock and damage zone of the
fault are parametrically studied to determine critical parameters which induce the most
damage on the tunnel liner. Using the critical parameters identified, the effectiveness of
flexible joints in the articulated design method are investigated using different orientations,
lengths, and relative stiffnesses to determine the most effective way to implement flexible
joints into a tunnel liner system.
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CHAPTER 2
LITERATURE REVIEW
2.1 Introduction
The studies presented in this section outline methods of modeling faults,
surrounding ground, tunnel structures and fault displacements for investigating tunnels that
traverse active fault zones. After presenting the studies, the more relevant methods are
summarized in Section 2.4.

2.2 FEM of Faults & Surrounding Ground
This section will describe several aspects and methods of modeling faults, soil and
rock properties for the purposes of accurately capturing tunnel-fault interaction necessary
to develop the parametric relationships required for this research. This section is primarily
organized from the simpler modeling of soil behavior to more detailed methods of
modeling. This is specifically done to highlight the complexities and intricacies of soil
behavior and to reinforce the difficulties in accurately modeling this behavior. In fact, Ladd
et al. (1977) summarizes this point quite well,
“The ideal soil behavior model would describe the soil’s deformation and pore
pressure response under all types of loading conditions at any time, strength being
incorporated as an upper limit to the stress-strain relationship … A generalized model of
the stress-strain behavior of soils should ideally account for nonlinearity, yielding, variable
dilatancy (volume changed cause by shear stress), and anisotropy (both inherent and stress
system induced), plus the behavioral dependence on stress path, stress system (orientation
of σ1 and relative magnitude of σ2), and stress history (both initial and changes due to
consolidation).” – pg. 454
Russo et al. (2002) discusses fault crossing strategies for twin shield tunnels
(specifically for the Bolu Tunnel project) crossing the Bakacak Fault and the Zekidaği Fault
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in Turkey. In 1999, after the Düzce earthquake (MW = 7.2), a detailed seismic
reconnaissance of the area around the Bolu Tunnel project was carried out, allowing for a
more accurate modeling of the two faults for the study. The Zekidaği Fault dips
approximately 90 degrees with the tunnel crossing this fault over the length of 25 to 30 m
(82 to 98 ft.) in both tubes. This fault was identified with low potential for future rupture
with an estimated right lateral offset displacement of 0.15 to 0.25 m (5.91 to 9.84 in) from
an associated earthquake with magnitude MW from 6 to 6.25. The Bakacak Fault dips
approximately 40 degrees with the tunnel crossing this fault over the length of 100 m (328
ft). Estimated rupture displacements are up to 0.5 m (19.69 in) from an associated
earthquake with magnitude MW from 6.25 to 6.5. Fault ruptures may occur in a
concentrated or a distributed manner, and for the Bakacak Fault it was assumed – then
justified by geologists, that its displacements would most likely be distributed and mainly
horizontal whereas the displacements at the Zekidaği Fault could not be accurately
predicted. Because of this previous assumption, the researchers were able to assume the
shear strain in the fault soil as the ratio between expected offset and width of the fault at
tunnel level. The soil was modeled as Mohr- Coulomb (M-C) compression springs using
contact elements between the tunnel liner and soil.
Daller & Weigl (2011) investigated concepts for the new Semmering Base Tunnel
in Austria to find a support and construction process which would provide tunnel
displacements compatible with the fault system using FLAC2D. This tunnel was
constructed through the Graßberg-Schlagl fault system and rock characteristics for this
system were determined by triaxial compression tests from core samples. The results from
a triaxial compression test on one specimen was back-calculated using the finite element
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program ZSoil, considering the Hardening Soil (HS) – Small Strain constitutive law as well
as the M-C constitutive law to help determine the relevancy of a nonlinear analysis. Obrzud
(2010) discusses the significance of using the HS model as opposed to the M-C model in
ZSoil and ultimately concluded that the HS model is the more accurate model to use in
finite element analysis. The linear-elastic M-C model does not always give reliable and
realistic predictions in FEA because soil is only truly elastic at very small strains. The HSStandard Model considers the pre-failure non-linearities of soil behavior while reproducing
basic macroscopic phenomena exhibited by soils such as densification, stress dependent
stiffness, soil stress history, plastic yielding and dilatancy (Obrzud 2010). Moreover, the
advanced version of this model, the HS-Small Strain model, incorporates the above
phenomena along with strong stiffness variation as well as the hysteretic, nonlinear elastic
stress-strain relationship of a soil (Obrzud 2010). Obrzud (2010) reanalyzed the tunnel
excavation of the twin Jubilee Line Extension Project in London, UK using HS models as
well as the M-C model to prove that the HS models give more realistic stress-strain
behavior of the soil by comparing results to triaxial lab tests (Figure 2.1). Figure 2.1a shows
that at very small strains (< 0.01% axial strain) the HS-Small and M-C Models accurately
model the behavior captured during isotropically consolidated undrained extension (CIUE)
tests. However, in Figure 2.1b it can be seen that at larger strains, the HS-Model is what
actually captures the soil’s behavior across the range of strains expected. In fact, the HSSmall model used by Daller & Weigl (2011) also agreed well with lab data constructed
from triaxial compression tests compared to the M-C model which did not accurately fit to
the data (Figure 2.2).
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Figure 2.1: Stress-strain curves; comparison between non-linear models (HSSmall, HS-Std, and J4), linear Mohr-Coulomb model and laboratory test data points from
CIUE tests (Obrzud 2010).

Daller & Weigl (2011) also had access to cross-sections of this fault system from a
railway project in May of the previous year and were able to generate a forecast model of
the section of the fault under concern which consisted of six vertical rock bodies. This
information also provided the strikes and dips of the faults although the authors decided to
convert all of the fault planes to 90 degrees for simplification purposes. The authors
conclude that an improvement to this study should include a three-dimensional analysis of
an improved model of the geologic structure as well as more in-situ and laboratory testing
of core fault material; however, the study does prove the shortcomings of the M-C model
at large strains.
Ohbo et al. (2000) conducted a study to analyze the seismic performance of a shield
tunnel that crosses an active fault with significantly different ground on either side of the
fault. The authors conducted two-dimensional finite element dynamic analyses. The
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specific shield tunnel analyzed crosses the Takeyama fault in Japan, and based on
geotechnical investigations, passes through a hard clay region (soft ground), across the
discrete fault plane into a silt sandstone region (hard ground). The investigation determined
that the relative displacement of this fault would be 1.6 m (5.25 ft) in the transverse
direction from an associated magnitude MW = 7.0 earthquake. The 2-D FEA model was
constructed based on the geological structure determined from boring data around the
tunnel. The lateral boundary of the model was treated as a horizontal roller and a viscous
boundary was assumed at the bottom boundary. Viscous boundaries are relevant to
dynamic analyses, not static analyses, which is why viscous boundaries will not be
considered nor discussed further in this thesis. Ohbo et al. (2000) concluded from the
observed circumferential strains of the tunnel, that the deformation of the tunnel on the soft
ground side was larger than on the hard ground side. Ding et al. (2006) also performed a
dynamic analysis, but their research was focused on determining the large-scale response
of different tunnel, an immersed tunnel to seismic excitation. Although not directly related
to the scope of this project, it is interesting to note the assumptions they made in modeling
the surrounding ground of the Waihuan Tunnel in Shanghai, China. The paper assumes
that the soil behavior is governed by an elastic-plastic constitutive relation based on the
Drucker-Prager criterion to consider the possible influence of hydrostatic stress on the yield
strength of the soil and rock. The three-dimensional soil model was constructed based on
geologic exploration.
In tunnel-fault research done by Shahidi and Vafaeian (2004), the fault
displacement was determined by assuming the differential deflection to be Δ. Ground
behavior and soil-structure interaction were modeled under the conditions of two22

dimensional plane strain elasto-plastic criterion. The physio-mechanical properties of the
faulted zones were varied linearly from the center of the fault zone to the boundaries on
both sides of the fault. Based on seismic analysis, the Zarab fault with a dip of 85o will be
displaced approximately 0.37 m along a distance of 300 m. A basic assumption of the
calculations is that 85% of the differential deformation occurs along a zone of 15 m within
the center of the faulted zone. For the Naaleshkenan Fault, the predicted deflection from
fault dislocation was 0.19 m, and it was assumed that 80% of the deformations occur along
a length of 11 m.

Figure 2.2: Recalculation of triaxial test using HS-Small and M-C models (Daller
& Weigl 2011) (Used by permission).

Luo & Yang (2013) performed a finite element analysis using ABAQUS to see the
effects on a tunnel by a dislocation of faults. The model consisted of bedrock, concrete
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lining and fault fractured zones, as shown in Figure 2.3. A lower plate (foot wall) and upper
plate (hanging wall) of a thrust fault with reverse thrusting was modeled in ABAQUS with
an average dislocation of 0.5 m. The lower plate was restricted from moving while a
displacement was added to the upper plate to simulate the vertical dislocation of the fault.
Frictional contact surfaces were set between the upper and lower plates as well as between
the soil and tunnel lining. In this analysis model, the tunnel and soil were assumed to be
ideal elastic-plastic materials. Drucker-Prager yield criterion and the associated flow rule
were used to take into account the effects of principal stresses and hydrostatic pressure on
yielding of the soil.

Figure 2.3: Cross-section of finite element model under fault dislocation (Luo &
Yang 2013).

Wang et al. (2012) used FLAC3D to model tunnels crossing active faults subjected
to a differential displacement across the fault. A fault zone, as opposed to a discrete fault
plane, was modeled and the fault displacement was estimated to be 0.2 m. However, the
width of the modeled fault zone was not specified, although a finite thickness can be
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assumed from Figure 2.4, which shows a profile of their tunnel-fault model in FLAC3D.
The tunnel liner is modeled using three dimensional elastic elements and ground behavior
was modeled using the M-C criterion. Wang et al. (2012) found that under strike-slip
conditions, the damage to surrounding rock and tunnel liner were more serious than that of
the other fault conditions analyzed, as per Figure 2.5, thus their flexible joint design is
based on strike-slip conditions.

Figure 2.4: Longitudinal profile of assumed tunnel, (a) general model and (b) is a
partial model along tunnel axis (Wang et al. 2012) (Used by permission).

Figure 2.5: Plastic zone of surround rock for three fault conditions. (a) Reverse Fault, (b)
Normal Fault and (c) Strike-Slip Fault (Wang et al. 2012) (Used by permission).
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To determine typical fault structures, specifically the width of damage zones,
relevant literature was gathered and reviewed. The damage zone is typically a region of
transition of fractured rock surrounded by competent rock that presents little to no
deformation features associated to faulting (Mitchell & Faulkner, 2009). In a research study
performed by Savage and Brodsky (2011) where they researched fracture densities in faults
in the state of California in the United States, the authors documented typical widths of
damage zones for the faults studied to be less than or equal to 100 m (364 ft) wide, however
they can be as wide as few hundred meters (Cochran et al., 2009). Mitchell et al. (2011)
investigated fault rocks along the Arima-Takatsuki Tectonic Line (ATTL), located in
Japan. They investigated damage asymmetry of the ATTL and attributed the asymmetric
damage zone to differing seismic velocity with depth. On one side of the fault there was
rhyolite, and the opposite side was granite. Granite has a higher seismic velocity than
rhyolite, which is why the damage zone on the granitic side was wider than that of the
rhyolite. To avoid the damage asymmetry problem in this research, the competent rock on
either end of the damage will be modeled as the same rock type, with identical properties.
Also, although damage zones can be as wide as a few hundred meters as previously noted,
for this research, the maximum width studied is 100 m (364 ft) because it is a reasonable
width to study that can be applied to many faults.
Based on the extensive literature review, the range of cohesion values in competent,
intact rock that can be reasonably experienced in-situ range from 6.7 MPa up to 70 MPa.
The range of internal friction angles that can be experienced range from 15° up to 50°.
Dilatancy angles are typically equal to the internal friction angle of the rock. The elastic
modulus of these rocks ranges from 2,000 MPa up to 100,000 MPa. For damage zone and
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faulted rock, cohesion values typically range from 0.1 MPa to 1.0 MPa while friction angle
typically ranges from 15° to 30°. Elastic modulus in damaged rock will typically range
from 50 MPa up to 5,000 MPa.

2.3 Research on Tunnel & Flexible Joint Modeling
This section will describe several aspects and methods of modeling tunnels and
flexible joints for the purposes of accurately capturing tunnel-fault interaction necessary to
develop the parametric relationships required for this research. This section is primarily
organized from the simpler modeling of tunnels and joints to more detailed methods of
modeling. The purpose of this methodology is to show the variety of approaches that have
already been taken, and drawn from, to model tunnel structures and flexible joints.
Shahidi and Vafaeian (2004) present a method of designing a flexible lining for
tunnels within the regions of active faults for the particular case of a shield tunnel located
in Iran crossing two faults of concern: the Zarab Fault and the Naaleshkenan Fault. The
authors note that because a tunnel structure cannot reasonably be designed to withstand the
working loads of the thrust from fault displacements of an earthquake, that the design
should be based on probable maximum displacements and rotations. The tunnel lining was
modeled as a 2-Dimensional, elastic-plastic beam element in PLAXIS, while also assuming
the concrete behavior follows the Hognestad curve. The Hognestad’s (1951) concrete
model describes the stress-strain behavior of unconfined concrete as a second order
parabola until peak strength, and then linearly declines to the ultimate strength (εcu =

27

0.0038) as shown in Figure 2.6. The equation proposed by Hognestad (1951) to describe
the pre-peak stress-stress behavior as,
𝜀

𝜀

2

𝜎𝑐 = 𝑓′𝑐 [2 𝜀 𝑐 − (𝜀 𝑐 ) ]
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Figure 2.6: Stress-strain behavior of unconfined concrete as proposed by Hognestad
(1951) (Mojaddad 1987).

where f’c is the unconfined compressive strength of concrete and Ec is the modulus of
elasticity (Young’s Modulus) of concrete. Two separate joint materials, steel and concrete,
were proposed and analyzed for the Zarab and Naaleshkenan Faults, respectively. This
choice was made because the Zarab Fault was expected to experience higher fault
displacements and steel is much more ductile than concrete. Both joints were designed to
behave as elastic-plastic materials. The concrete joint behavior was also adjusted based on
the Hognestad parabola criterion.
As previously mentioned, steel fibers are often used in concrete tunnel liners to
supplement the strength and increase ductility of plain concrete. Specifically, using
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equations presented by Lee et al. (2015) to modify the compressive stress-strain response
of plain concrete reinforced with end-hooked steel fibers which are typically used in the
construction of tunnel liners. The equations presented are derived from regression analyses
from uniaxial compression tests on concrete cylinders where the variables are concrete
compressive strength, fiber volumetric ratio and fiber aspect ratio (length to diameter).
They present the following equations:
𝑙𝑓

𝑅𝐼 = 𝑉𝑓 𝑑

(1)

𝑓

Where RI is the reinforcement index, Vf is the fiber volumetric ratio (typically 0.5% to
2.0%), and lf and df are length and diameter of steel fibers, respectively.
The following equation is used to predict the strain at the compressive strength of the
SFRC, ε0:
𝑙

𝜀0 = (0.0003𝑉𝑓 𝑑𝑓 + 0.0018) 𝑓′𝑐

0.12

𝑓

= (0.0003𝑅𝐼 + 0.0018)𝑓′𝑐

0.12

(2)

Where f’c is the compressive strength of the SFRC.
The following equation was also determined to predict the elastic modulus of SFRC, Ec:
𝑙

𝐸𝑐 = (−367𝑉𝑓 𝑑𝑓 + 5520) 𝑓′𝑐

0.41

(3)

𝑓

And lastly to simulate the pre-peak stress-strain response of SFRC under compression
loading the following equations can be employed:

𝑓𝑐 = 𝑓′𝑐 [

𝜀
𝐴( 𝑐⁄𝜀0 )
𝐵]
𝜀
𝐴−1+( 𝑐⁄𝜀0 )

(4)
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𝐴=𝐵=

1
𝑓′
1−( 𝑐 )
𝜀𝑐 𝐸𝑐

𝑓𝑜𝑟

𝜀𝑐
⁄𝜀0 ≤ 1.0

(5)

Where ε0 and Ec can be calculated using Equations 2 and 3.
A basic design scheme for each of the joints was proposed (Figures 2.7 and 2.8),
and were analyzed in PLAXIS, resulting in moment-curvature plots, shown in Figure 2.9.
They were compared to the idealized moment-curvature behavior, Figure 2.10. Based on
the moment-curvature behavior that were produced, as well as the simplifications shown
in Figure 2.10, engineering properties of the tunnel lining sections such as effective flexural
stiffness, plastic moment, effective torsional stiffness and plastic tension force, were then
determined and are presented in Table 2 of their report. Considering a maximum deflection
of Δu and rotation of the joint φu, the relationship between the length of joint (Lj) and the
length between successive joints (Lp), was described by,
𝐿𝑗 = 𝛥𝑢 ⁄(𝜑 ∙ 𝐿 )
𝑢
𝑝

(6)

which is shown in Figure 2.11. Using that relationship as well as analysis result obtained
from PLAXIS, they determined their design characteristics for both the tunnel and joint
sections.

30

Figure 2.7: Schematic shape of steel joints used for Zarab fault (Shahidi & Vafaeian
2004) (Used by permission).

Figure 2.8: Schematic shape of concrete joints used for other faults rather than Zarab
fault (Shahidi & Vafaeian 2004) (Used by permission).
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Figure 2.9: Computer based curves of moment-curvature relationship for sections S-1 and
S-2; S-3 and S-4 (Shahidi & Vafaeian 2004) (Used by permission).

Figure 2.10: Ideal form of elastic-plastic behavior (bilinear form) of moment-curvature
(Shahidi & Vafaeian 2004) (Used by permission).
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Figure 2.11: Schematic longitudinal action of flexible joints (Shahidi & Vafaeian 2004)
(Used by permission).

Russo et al. (2002) present similar design philosophies and principles and applied
this to the Bolu Tunnel project as part of the North Anatolian Motorway in Turkey. The
twin tunnel project crosses the Bakacak Fault and the Zekidaği Fault; however, the
Zekidaği Fault had already been driven by the time this report was released. The authors
assume, similar to assumptions made by Shahidi and Vafaeian (2004) that the tunnel will
behave as an embedded concrete beam whose extremities are subject to the displacement
of the fault. The concrete tunnel was assumed to undergo moment and shear until rupture
of the joints, and then each segment can freely move with the surrounding soil. A free body
diagram of the soil and segment kinematics after joint rupture is shown in Figure 2.12,
from which the moments inducing and opposing rotation were calculated. Again, M-C
behavior contact between lining and soil is assumed. The authors concluded that the
segmented design method is a satisfactory fault crossing strategy for mitigating risk to the
tunnel due to fault rupture.
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Figure 2.12: Tunnel behavior across fault boundaries (Russo et al. 2002).

Wang et al. (2012) investigated the use of flexible joints in tunnel liners for tunnels
that cross active faults to increase longitudinal flexibility. Per Section 2.2, the authors
determined that the greatest damage to the tunnel is likely to occur occurs in a strike-slip
fault condition as shown in Figure 2.5c. In lieu of designing flexible joints by using
working loads, the flexible joints were designed by the maximum credible displacement
which was assumed. The authors determined that the flexible joints should be located in
zones where the differential displacements are significantly large, thus increasing the
flexibility of the tunnel to be able to bear the moment and shear forces induced. The tunnel
linings were modeled as 3-Dimensional elastic elements and the total differential
displacement due to the fault slippage was assumed to be 0.20 m. The isolation joints were
modeled in FLAC 3D as joint elements. Compared to a continuous model, the use of the
isolation joints between rigid elements of the tunnel reduced the maximum bending
moment and shear force experienced by the tunnel by allowing it to deform into an S-shape
without rupture as shown in Figure 2.13.
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Figure 2.13: (a), (b) and (c) showing isolation joints allowing tunnel to deform into an Sshape for reverse, normal, and strike-slip faulting, respectively (Wang et al. 2012) (Used
by permission).

In the research by Luo & Yang (2013), they investigated three segmented tunnels,
each containing only one segment using lengths of 5, 10 and 15 m, and one continuous
tunnel (no segments). All tunnels were modeled with an ideal elastic-plastic constitutive
model. Their goal was to study the stress and deformation of the tunnel structures under
fault dislocation, which averaged 0.5 m, applied vertically to the hanging wall of their
model. For the contact surface between the two walls a friction coefficient of 0.3 was
defined and the friction coefficient at the contact surface between the ground and tunnel
liner was defined as 0.7. The plastic zone in the tunnels was noted to be reduced when the
tunnels were modeled as segmented structures. They also note that the as the single
segment lengths get smaller, maximum Von Mises stress in the lining is also reduced,
presented in Figures 2.14 and 2.15. Of the tunnels investigated, the 5 m segmented tunnel
was stated as the optimal segment length because of the reduction in the maximum vonMises stress, the distribution of the plastic zone, and the maximum equivalent plastic strain
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of the tunnel lining. Thus, the authors concluded that adopting a segmented tunnel structure
is more favorable over non-segmented tunnels.

Figure 2.14: Von Mises equivalent stress of the bottom arch of the tunnel for different
lining segment lengths along longitudinal axis (Luo & Yang 2013).

Figure 2.15: Von Mises equivalent stress of the top arch of the tunnel for different lining
segment lengths along longitudinal axis (Luo & Yang 2013).
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Obrzud (2010) and Ohbo et al. (2000) both modeled their tunnel structures using
beam elements, likely because their respective studies were more heavily focus on the
modeling of the ground surrounding the tunnel and not the actual performance of the liner
itself. Ding et al. (2006) modeled their tunnel using an eight-node hexahedron solid element
in their modeling of the tunnel’s response to seismic excitation.

2.4 Summary
Based on the studies presented, several aspects of fault and tunnel modeling can be
drawn from and used in the modeling in this thesis. In modeling geotechnical materials, it
seems the most advanced modeling and analyses adopt the Drucker-Prager constitutive law
however much of rock mechanics is based the Mohr-Coulomb model so FEA will follow
the M-C constitutive law.
Also, since faults can range in width, faults will be modeled as a discrete plane with
concentrated deformation as well as faults of varying widths where distributed
displacements can be applied. Based on findings that show strike-slip fault movements
impose the greatest stresses in tunnel liners, fault displacements will be applied as strikeslip displacements.
Concrete tunnel liner will be modeled following the Hognestad (1951) material
model to account for the nonlinearity of concrete behavior. Individual concrete segments
will be modeled to mitigate damage to the permanent tunnel liner and focus damage at the
joints.
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CHAPTER 3
FINITE ELEMENT MODELING
3.1 Introduction
This chapter describes the methods of modeling the tunnel and surrounding ground
for preliminary elastic analysis as well as nonlinear analysis. Geometries (tunnel and
ground), meshing, boundary conditions and mechanical properties are all outlined in this
chapter.
Concrete behavior of the tunnel liner is represented using the Hognestad (1951)
material model of unconfined concrete to account for the nonlinearity in the stress-strain
behavior of concrete. Equations are included to also modify the behavior of plain concrete
to represent the behavior of fiber-reinforced concrete. Effort is also made to account for
the nonlinear, anisotropic, stress-dependent behavior of soil and rock included in this
modeling.

3.2 Geometry
The three-dimensional geometries for tunnels, fault zone and surrounding ground
were created using SpaceClaim3D design modeling software built into the ANSYS
Workbench program. Using this software allowed for easy integration into the ANSYS
program for finite element analysis.
In preliminary analysis, the foot wall and hanging wall of the fault are identically
sized rectangular prisms (100 m x 50 m x 100 m) placed together to result in a fault zone
modeled by 3D solid elements. The two walls of the fault meet at the fault plane with a dip
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of 90°, and this plane is where the entirety of the fault dislocation occurs. Figure 3.1 shows
profile and cross-sectional views of the ground geometry surrounding the assumed fault.
This geometry was created for the sole purpose of preliminary, linear analysis to determine
how to apply displacements and check if the distribution of stresses throughout the model
made sense before moving onto nonlinear analysis. There are also models created where
distributed displacements will be applied. This is done by including a third rectangular
prism in between the two walls of the fault, the damage zone, where distributed
displacements across the width of the damage zone will be applied. Per pertinent literature
discussed in Section 2.2, three additional geometries were created with damage zones of
10 m, 50 m, and 100 m (32 ft, 164 ft, and 328 ft) which can be seen in Figure 3.2. In these
models, widths of the footwall and hanging wall are held constant at 50 m (164 ft). The
reason that the widths of the competent rock (footwall and hanging wall) are held constant
is because results from preliminary analysis show there is no significant boundary
influence on stresses using widths of 50 m from where the fault displacement is applied.

(a)

(b)

Figure 3.1: a) plan view of ground and fault geometry where the green highlighted body
is the footwall and the light gray body is the hanging wall of the FEM. b) shows location
of tunnel in elevation, passing through the fault.
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(a)

(b)

(c)

Figure 3.2: Three-dimensional ground geometry from SpaceClaim showing (a) 10 m
damage zone, (b) 50 m damage zone, and (c) 100 m damage zone where the damage
zones are highlighted in green.

The tunnel used in this modeling is a 5.0 m outer diameter tunnel liner, D, with a
liner thickness of 0.5 m, t, also modeled as 3D solid elements. The tunnel has a length of
100 m, L, which extends through the entirety of the ground modeled. An isolated view of
the tunnel geometry is shown in Figure 3.3.

Figure 3.3: Isolated geometry of continuous, 5.0-meter outer diameter tunnel used in
Finite Element Modeling.

40

The tunnel length chosen to be used in analyses is important because after the
simulated fault dislocation, there should be negligible effects from dislocation at either end
of the tunnel such that the total effect of fault displacement is captured in the model. A
tunnel length of 100 m was chosen for the tunnel in creating the single fault plane model
and the analyses remained computationally inexpensive with respect to time of analyses.
The center of the tunnel lies 50 m from ground surface and also 50 m perpendicular to the
parallel planes of the ground, as shown in Figures 3.1 and 3.2. The preliminary tunnel
geometry is modeled as one continuous, hollow cylinder extending through the fault as
shown in Figure 3.3. In the geometries where damage zones are included, the tunnel length
is adjusted to run through the width of the surrounding ground, spanning through the
entirety of the hanging wall, damage zone and footwall. In 10 m damage zone geometries
where segments are introduced, the individual segments are separated by 1 m and 5 m links
to allow for the tunnel to bend with the fault displacements applied. These individual
segments may not always have continuous reinforcement running throughout but are
modeled as continuous segments because the concept is to force weak points in the tunnel
liner, where much of the displacement will occur, into the links between segments. Figures
3.4 and 3.5 are included to show the articulated geometries used to investigate a damage
zone width of 10 m where links are located at either end of damage zone. Figures 3.6 –
3.11 show the 100 m articulated geometries. These are different configurations of 5 m and
1 m links investigated in Section 4.3 to determine the effectiveness in the articulated design
method. Geometries 100-1 and 100-b have links where the damage zone meets the
competent rock and 100-2 and 100-2b have links on either side. Geometries 100-3 and 1003b are like 100-1 and 100-1b, but fully articulated through the damage zone.
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Figure 3.4: SpaceClaim three-dimensional geometry, Geometry 10-1, of articulated
design method.

Figure 3.5: SpaceClaim three-dimensional geometry, Geometry 10-2, of articulated
design method.

Figure 3.6: SpaceClaim three-dimensional geometry, Geometry 100-1, of articulated
design method.
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Figure 3.7: SpaceClaim three-dimensional geometry, Geometry 100-2, of articulated
design method.

Figure 3.8: SpaceClaim three-dimensional geometry, Geometry 100-3, of articulated
design method.

Figure 3.9: SpaceClaim three-dimensional geometry, Geometry 100-1b, of articulated
design method.
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Figure 3.10: SpaceClaim three-dimensional geometry, Geometry 100-2b, of articulated
design method.

Figure 3.11: SpaceClaim three-dimensional geometry, Geometry 100-3b, of articulated
design method.

3.3 Meshing
An effective mesh is important in this analysis to provide accurate results without
becoming too computationally expensive. The Automatic Meshing feature within ANSYS
resulted in an effective mesh meeting these criteria. The mesh used is a rectangular mesh
for both the tunnel and ground with a mesh refinement value of 1 over the entire model.
The rectangular meshed elements appear regular away from the tunnel and begin to change
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shape into irregular, angular shapes which decrease in size closer to the modeled tunnel.
Figure 3.12 and 3.13 show the meshing of the ground and tunnel, respectively. During
nonlinear analysis, the mesh will be refined in the area immediately surrounding the fault
zone to gain more accurately capture the behavior of the tunnel liner subjected to fault
displacement.

Figure 3.12: Automatic meshing of the ground surrounding the tunnel. The light blue
body is the footwall and the red body indicates the hanging wall.

Figure 3.13: Automatic meshing of the continuous tunnel.
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In the 10 m damage zone liner has a total of 6,420 elements and 43,802 nodes. The
50 m damage zone liner contains 5,568 elements and 37,770 nodes. The 100 m damage
zone liner has a total of 5,355 elements and 34,522 nodes. In further analyses, the meshing
on the tunnel is refined using the “Body Sizing” feature in ANSYS Workbench, to increase
the number of elements spanning the cross-section of the tunnel liner to be greater than 1
element thick, so that more accurate distributions of stresses and strains could be measured
through the cross-section in determining failure of the concrete liner. To determine the
appropriate body sizing for the tunnel liner, a mesh convergence study was performed to
determine the optimal mesh size by converging on a target of 5% convergence. The
meshing for the surrounding ground is left automatically meshed because in this research
the concern is studying the stress distributions in the tunnel liner, not the ground.

3.4 Boundary Conditions & Contact Interfaces
To capture the effects due to fault dislocation in the immediate area of the fault,
proper modeling of boundary conditions is essential. The plane of the foot wall opposite to
the fault plane is fixed in space while the plane of the hanging wall opposite of the fault
plane is modeled as a frictionless (roller) support, which allows the hanging wall to move
freely in the y and z degrees of freedom. In preliminary analyses the effect of the proximity
of the boundary condition on the behavior of the tunnel at the fault plane was studied and
determined that 50 m (164 ft) is enough to negate any boundary effects on the stress
induced by faulting.
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In preliminary analyses at the fault plane, the interface between foot wall and
hanging wall, this contact surface is modeled in ANSYS with the predefined frictionless
boundary. Although this is not the case, this simplification is made to simulate faulting
more easily and because the effects in the tunnel are of more concern than the changes in
soil at the fault. In models which include distributed displacements across a fault zone,
either end of the fault zone is bonded to the respective wall it contacts. There is also a zerodisplacement constraint at the contact surface of the footwall and damage zone such that
the applied displacements only take place in the damage zone.
Between the tunnel liner and the ground, it is important to enforce contact
compatibility such that the physical bodies in contact do not interpenetrate. ANSYS
Mechanical offers several types of contact formulations to enforce this compatibility, and
program-controlled contact formulations are used during analysis. This interface is
modeled as the rough boundary condition, as defined by ANSYS. The rough boundary
condition of ANSYS allows for gaps between physical bodies to open and close but does
not allow for sliding. The links between segments are modeled as bonded to the rest of the
tunnel to maintain continuity of the liner and also modeled to have a rough interface with
the ground they are in contact with.

3.5 Material Properties
ANSYS Workbench has a library of engineering data for most commonly used
materials in engineering practice for both linear and non-linear material properties. This
library of data also contains several geomechanical materials that were used in preliminary
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modeling. With ANSYS there is also the ability to input self-defined materials not located
within its data sources by being able to define densities, elasticity, plasticity models,
damage criteria and more. Temperature dependent properties were not considered in the
material constitutive models.

Figure 3.14: Multilinear isotropic hardening model defined in ANSYS Workbench.

For preliminary models the continuous tunnel was modeled using the linear-elastic
concrete material properties as defined in the ANSYS Workbench Engineering Data. The
elastic modulus of the linear concrete is typical for normal strength concrete at 30,000 MPa
with a Poisson’s Ratio defined as 0.18. During nonlinear analysis, the behavior of plain
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linear concrete is modified to follow the Hognestad parabola for normal strength concrete,
27.6 MPa (4,000 psi), as originally defined in Section 2.3. This is done by including an
isotopic hardening model as shown in Figure 3.14. At σ50 where E intersects the parabola,
the stress-strain curve up until that point follows the linear elastic modulus almost perfectly
so it is assumed plastic strain begins at that point of intersection at a strain of 0.00055 as
shown in Figure 3.15. In further analyses, to increase the strength and ductility of the
concrete liner, specific equations defining material behavior can be also input into ANSYS
to mimic the behavior of 50 MPa steel fiber-reinforced concrete (SFRC) using Vf = 1.5%
and fiber aspect ratio of 50, shown in Figure 3.16.
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Figure 3.15: Plot used to determine onset of plastic strain to define multilinear isotropic
hardening model for plain concrete in ANSYS Workbench.
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Figure 3.16: Plot used to determine onset of plastic strain to define multilinear isotropic
hardening model of 50 MPa SFRC in ANSYS Workbench.

In models which have the links included, these links between segments are modeled
as an ideal, elastic-plastic material with an elastic modulus and yield stress of steel, 200,000
MPa and 250 MPa, respectively, varied by ratios down to 1/50. This is done to provide
relative stiffnesses of the links, forcing the displacements to occur in these regions rather
than in the concrete tunnel segments. Then by varying the relative stiffnesses of these links,
their effectiveness in an articulated design strategy is evaluated and discussed.
Linear-elastic material properties for various rocks and soils are included in the
ANSYS Mechanical software and use the Mohr-Coulomb material model with isotropic
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elasticity by default. The elastic-plastic Mohr-Coulomb model is sufficient for preliminary
analysis as it accounts for a reduction to residual strength yield surface after first yield of
the material. Although, there are geomechanical rock properties defined by ANSYS,
through extensive literature review, it was determined that these predefined MohrCoulomb properties were unrealistic for the scope of this research. For that reason, a range
of values found in literature are used in this research and presented in Tables 3.1 and 3.2.
Table 3.1 shows the range of M-C properties for competent rock used in analyses that must
be defined in ANSYS. The values of Inner Friction Angle, ϕ, and Initial Cohesion, c, are
deliberately chosen in order to cover the range of reasonable properties of intact rock
bodies. Dilatancy angle is typically equal to the friction angle of the intact rock, the residual
friction angle is equal to half of the initial inner friction angle and it is assumed that the
residual cohesion is equal to the initial cohesion. The same is true for Table 3.2 which
presents M-C properties for fault core rock, where these properties are chosen to cover a
range of weak and fractured rock. In varying these properties, it was determined that
although varying these properties did induce changes in stress distributions throughout the
competent rock as well as the damage zone, it presented little to no effect on the stresses
induced in the tunnel liner itself. This is further discussed in Chapter 4. It was then
determined that using the M-C material model is enough for this research as it was
determined the range of properties used does not change the distribution of stresses in the
concrete tunnel liner.
It should be noted that the competent ground on either side of the damage zone are
always identical throughout analyses. For obvious reasons, the damage zone is always
modeled with an elastic modulus equal or less than that of the competent rock. It should
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also be noted that Poisson’s Ratio is held at a constant value of 0.2 which is a typical value
for all rock types as noted by Kulhawy (1975).
Table 3.1: M-C Parameters for competent rock investigated through analyses.
Initial Inner Friction Angle, ϕ
Residual Inner Friction Angle, ϕr
Dilatancy Angle, ψ
Initial Cohesion, c
Residual Cohesion, cr
Elastic Modulus, E

15°

10.0 MPa
2,000 MPa

32.5°
ϕ/2
ϕ
40.0 MPa
c
20,000 MPa

50°

70.0 MPa
100,000 MPa

Table 3.2: M-C Parameters for damage zone rock investigated through analyses.
Initial Inner Friction Angle, ϕ
Residual Inner Friction Angle, ϕr
Dilatancy Angle, ψ
Initial Cohesion, c
Residual Cohesion, cr
Elastic Modulus, E

15°

0.1 MPa
50 MPa

22.5°
ϕ/2
ϕ
0.5 MPa
c
500 MPa

30°

1.0 MPa
5,000 MPa

3.6 Analysis Options & Fault Displacement
The Static Structural analysis type as defined in ANSYS Workbench is run for this
research. For this type of analysis, the direct solver option is more often used than the
iterative solver for the sake of decreasing the computational expenses, although both
solvers result in equal results.
In the preliminary analysis to determine stress distributions in the liner, to simulate
the active faulting, a 0.05 m displacement is applied to the face of the hanging wall at the
frictionless boundary with the foot wall. Again, this displacement of 0.05 m is arbitrary
just to look at basic effects of faulting in preliminary modeling and trials. The applied
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displacements at the fault are applied parallel to the fault place and can be applied in any
direction, but in the case of this research are applied in the global y-axis direction. Because
the preliminary modeling was linear and displacement relative to the size of the tunnel and
overall model is small, the displacement is being run over only one time-step with programcontrolled auto time stepping.
After preliminary analysis, the next stage of analysis begins with applying a
distributed 1 m displacement over the damage zone of the model for each damage zone
width (10 m, 50 m, 100 m). This displacement was purposefully chosen as a reasonable
fault displacement which can be encountered from an earthquake. This displacement is
applied over four manually created time-steps. In this stage of analysis, where nonlinear
concrete properties were also included to mimic the Hognestad parabola, it was determined
that auto time stepping, which allows ANSYS WB to automatically create sub-steps to
capture nonlinearity in models, is adequate to capture the nonlinear behavior of the
concrete without having to manually create many sub-steps. The proof of this can be seen
in Figure 3.17, which shows the auto time stepping correctly capturing the nonlinear
behavior as well as a model which was forced to have 20 sub-steps per time step. The main
advantage of allowing ANSYS WB to automatically create sub-steps is that computational
time is drastically decreased from when manual sub-steps are created.
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Figure 3.17 Plot of equivalent total stress versus plastic strain of concrete element
including the nonlinear concrete input to show nonlinearity is captured sufficiently using
automatic time stepping.
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CHAPTER 4
RESULTS
4.1 Effects of Competent Rock Properties
Models run in this section show that the competent rock behaves linearly with the
applied displacement of 1 m and although the stresses in the rock may change when
nonlinear controls are turned on, the stresses induced in the nonlinear tunnel liner remain
the same. The lowest reasonable value for elastic modulus in competent rock is about 2,000
MPa and for the damage zone the lowest reasonable value is about 50 MPa. Using a 10 m
damage zone model where the elastic modulus of the damage zone and competent rock as
described above along with 0.2 value for Poisson’s Ratio was applied. From pertinent
literature discussed in Sections 2.4 and 3.5, the lowest reasonable cohesion value for
competent rocks is about 6.7 MPa which was also applied to the competent rock in the
models. The initial inner friction angle in the competent rock and damage zone were set to
40° and 30°, respectively, typical values from literature. The ratios for residual friction
angle and dilatancy angle to initial inner friction angle are set at 0.5 and 1.0 for both rocks.
The range of cohesion values in damage zone rock ranges from 0.1 MPa up to 1.0 MPa and
are also tested to prove linearity in competent rock. The ratio of residual cohesion to initial
cohesion is 1.0 for both rocks as well. Table 4.1 presents the properties of the two models,
NL1-1 and NL1-2, just described.
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4.1.1 Elastic Response of Competent Rock
It should be noted that in this chapter the stresses plotted in figures are the
maximum stresses measured in the entire region of the crown or invert of the tunnel. To
start, a model was run with nonlinearity turned on in both competent rock and damage zone
rock and then run again with nonlinearity only in the damage zone rock. This research
proves that if there is no difference in stresses induced in the tunnel liner between the two
identical models that the competent rock behaves linearly and nonlinearity does not have
to be turned on in the competent rock which, as described above, reduces computational
expenses without compromising accuracy of the results. The results which are presented
are the Von-Mises stresses and normal longitudinal stresses induced in the tunnel liner by
the applied fault displacements. The maximum Von-Mises and normal stress at 5 m
increments along the longitudinal position of the tunnel, for both the crown and invert of
the tunnel, is graphed in plots to show how the distribution of stresses changes along the
length of the tunnel. Figures 4.1-4.4 show these plots for models NL1-1 and NL1-2 where
the only difference between the two models is that the competent rock is run without
nonlinear controls turned on for the latter model. These figures show that the lines for VonMises stress and normal stress for both the crown and invert of the tunnel liner plot directly
on top of each other which prove that the competent rock behaves linearly even when
nonlinear controls are turned on for the competent rock. To further show this, tunnel cross
sections at these 5 m increments of normal stress and Von-Mises stress for these two
models are included in Figures 4.5-4.16. Only one half of these are shown because the
other half of the tunnel is symmetric as shown in plots. These visually show how the
distribution is exactly the same throughout the tunnel liner. Figures 4.17 and 4.18 are also
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included to show how the displacements of the tunnels in these two models are also exactly
the same. These figures show that the deformations are localized through the 10 m damage
zone and constant in the competent rock regions. This is because the competent rock is stiff
enough such that the entirety of the deformation of the tunnel liner is forced to occur
between the regions of competent rock.

Table 4.1: Table of rock properties used for models NL1-1 and NL1-2.
Competent Rock Properties
Initial Inner
Friction Angle,
ϕ (°)

Residual Inner
Friction Angle,
ϕr (°)

Dilatancy
Angle, ψ (°)

Initial
Cohesion, c
(MPa)

Residual
Cohesion, cr
(MPa)

Elastic
Modulus, E
(MPa)

NL 1-1

40

20

40

6.7

6.7

2,000

NL 1-2

40

20

40

6.7

6.7

2,000

Damage Zone Properties
Initial Inner
Friction Angle,
ϕ (°)

Residual Inner
Friction Angle,
ϕr (°)

Dilatancy
Angle, ψ (°)

Initial
Cohesion, c
(MPa)

Residual
Cohesion, cr
(MPa)

Elastic
Modulus, E
(MPa)

NL 1-1

30

15

30

0.5

0.5

50

NL 1-2

30

15

30

0.5

0.5

50
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Figure 4.1: Plot of maximum Von-Mises stress in tunnel crown for models NL1-1 and
NL1-2.
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Figure 4.2: Plot of maximum Von-Mises stress in tunnel invert for models NL1-1 and
NL1-2.
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Figure 4.3: Plot of maximum normal stress in the x-axis in tunnel crown for models NL11 and NL1-2.
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Figure 4.4: Plot of maximum normal stress in the x-axis in tunnel invert for models NL11 and NL1-2.
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Figure 4.5: -20 m normal stress in the x-axis of the tunnel liner of model NL1-1.

Figure 4.6: -20 m normal stress in the x-axis of the tunnel liner of model NL1-2.
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Figure 4.7: -10 m normal stress in the x-axis of the tunnel liner of model NL1-1.

Figure 4.8: -10 m normal stress in the x-axis of the tunnel liner of model NL1-2.
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Figure 4.9: 0 m normal stress in the x-axis of the tunnel liner of model NL1-1.

Figure 4.10: 0 m normal stress in the x-axis of the tunnel liner of model NL1-2.
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Figure 4.11: -20 m Von-Mises stress of the tunnel liner of model NL1-1.

Figure 4.12: -20 m Von-Mises stress of the tunnel liner of model NL1-2.
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Figure 4.13: -10 m Von-Mises stress of the tunnel liner of model NL1-1.

Figure 4.14: -10 m Von-Mises stress of the tunnel liner of model NL1-2.
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Figure 4.15: 0 m Von-Mises stress of the tunnel liner of model NL1-1.

Figure 4.16: 0 m Von-Mises stress of the tunnel liner of model NL1-2.
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Figure 4.17: Directional deformation of the tunnel liner in the y-axis of NL1-1.

Figure 4.18: Directional deformation of the tunnel liner in the y-axis of NL1-2.

4.1.2 Cohesion & Friction Angle in Competent Rock
To determine if the value of initial cohesion defined in the competent rock affects
the model results, cohesion was increased to 10 MPa in model NL1-3 to see if results
change. Figures 4.19-4.22 show that increasing the cohesion did not affect the stresses
induced in the tunnel liner which indicates that the cohesion is high enough in the
competent rock such that the rock will always behave linearly, within the range of
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reasonable values of cohesion tested. The properties of the models in these figures are
presented in Table 4.2. The initial inner friction angle is changed to a low, reasonable value
for intact rock, 15° in model NL1-5. The results from changing the initial inner friction
angle from to a low value and comparing it to a model where the initial inner friction angle
of the competent rock is at a high value, 50° in model NL1-4, are shown in Figures 4.234.26. These figures show the lines plot on top of one another, further proving that
nonlinearity in the competent, intact rock is controlled by the value of initial cohesion, and
since it is proven that the minimum value used does not invoke nonlinearity in the models
even when the initial inner friction angle is varied, the competent rock can be run linearly.
The properties of these models can be found in Table 4.3.

Table 4.2: Table of rock properties used for models NL1-2 and NL1-3.
Competent Rock Properties
Initial Inner
Friction Angle,
ϕ (°)

Residual Inner
Friction
Angle, ϕr (°)

Dilatancy
Angle, ψ (°)

Initial
Cohesion, c
(MPa)

Residual
Cohesion, cr
(MPa)

Elastic
Modulus, E
(MPa)

NL 1-2

40

20

40

6.7

6.7

2,000

NL 1-3

40

20

40

10

10

2,000

Damage Zone Properties
Initial Inner
Friction Angle,
ϕ (°)

Residual Inner
Friction
Angle, ϕr (°)

Dilatancy
Angle, ψ (°)

Initial
Cohesion, c
(MPa)

Residual
Cohesion, cr
(MPa)

Elastic
Modulus, E
(MPa)

NL 1-2

30

15

30

0.5

0.5

50

NL 1-3

30

15

30

0.5

0.5

50
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Figure 4.19: Plot of maximum Von-Mises stress in tunnel crown for models NL1-2 and
NL1-3.
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Figure 4.20: Plot of maximum Von-Mises stress in tunnel invert for models NL1-2 and
NL1-3.
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Figure 4.21: Plot of maximum normal stress in the x-axis in tunnel crown for models
NL1-2 and NL1-3.
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Figure 4.22: Plot of maximum normal stress in the x-axis in tunnel invert for models
NL1-2 and NL1-3.
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Table 4.3: Table of rock properties used for models NL1-4 and NL1-5.
Competent Rock Properties
Initial Inner
Friction Angle,
ϕ (°)

Residual Inner
Friction Angle,
ϕr (°)

Dilatancy
Angle, ψ (°)

Initial
Cohesion, c
(MPa)

Residual
Cohesion, cr
(MPa)

Elastic
Modulus, E
(MPa)

NL 1-4

50

25

50

6.7

6.7

2,000

NL 1-5

15

7.5

15

6.7

6.7

2,000

Damage Zone Properties
Initial Inner
Friction Angle,
ϕ (°)

Residual Inner
Friction Angle,
ϕr (°)

Dilatancy
Angle, ψ (°)

Initial
Cohesion, c
(MPa)

Residual
Cohesion, cr
(MPa)

Elastic
Modulus, E
(MPa)

NL 1-4

30

15

30

0.5

0.5

50

NL 1-5

30

15

30

0.5

0.5

50
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Figure 4.23: Plot of maximum Von-Mises stress in tunnel crown for models NL1-4 and
NL1-5.
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Figure 4.24: Plot of maximum Von-Mises stress in tunnel invert for models NL1-4 and
NL1-5.
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Figure 4.25: Plot of maximum normal stress in the x-axis in tunnel crown for models
NL1-4 and NL1-5.
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Figure 4.26: Plot of maximum normal stress in the x-axis in tunnel invert for models
NL1-4 and NL1-5.

4.1.3 Elastic Modulus of Competent Rock
The elastic modulus of competent rock was then investigated, and results are
presented in Figures 4.27-4.30. All properties for the models described, NL1-6 & NL1-7,
can be found in Table 4.4. Similar to the plots shown above, the distribution of Von-Mises
and normal longitudinal stresses displayed in these graphs plot on top of one another which
indicates that the competent rock still behaves linearly even when the elastic modulus is
increased to a high value as determined from literature. This also means that’s its behavior
is still controlled by the defined value of initial cohesion. Also, when the elastic modulus
of the competent rock is increased from 2,000 MPa up to 100,000 MPa the maximum value
of stress throughout the tunnel liner embedded in the competent rock is significantly
increased from 7 MPa to 19 MPa although the stresses within the damage zone remains
unaffected. The even distribution of stresses in the 100,000 MPa competent rock, Figures
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4.27 through 4.30, is likely due to the high stiffness causing the tunnel to move within the
rigid body of the competent rock.
Table 4.4: Table of rock properties used for models NL1-6 and NL1-7.
Competent Rock Properties
Initial Inner
Friction Angle,
ϕ (°)

Residual Inner
Friction Angle,
ϕr (°)

Dilatancy
Angle, ψ (°)

Initial
Cohesion, c
(MPa)

Residual
Cohesion, cr
(MPa)

Elastic
Modulus, E
(MPa)

NL 1-6

50

25

50

6.7

6.7

100,000

NL 1-7

15

7.5

15

6.7

6.7

100,000

Damage Zone Properties
Initial Inner
Friction Angle,
ϕ (°)

Residual Inner
Friction Angle,
ϕr (°)

Dilatancy
Angle, ψ (°)

Initial
Cohesion, c
(MPa)

Residual
Cohesion, cr
(MPa)

Elastic
Modulus, E
(MPa)

NL 1-6

30

15

30

0.5

0.5

50

NL 1-7

30

15

30

0.5

0.5

50
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Figure 4.27: Plot of maximum Von-Mises stress in tunnel crown for models NL1-6 and
NL1-7.
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Figure 4.28: Plot of maximum Von-Mises stress in tunnel invert for models NL1-6 and
NL1-7.
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Figure 4.29: Plot of maximum normal stress in the x-axis in tunnel crown for models
NL1-6 and NL1-7.
74

35
NL1-6 Invert
30

NL1-7 Invert

Max. Normal Stress (MPa)

25
20
15
10
5
0
-60

-40

-5

-20

0

20

40

60

Longitudinal Position along Tunnel Axis (m)

Figure 4.30: Plot of maximum normal stress in the x-axis in tunnel invert for models
NL1-6 and NL1-7.

4.1.4 Damage Zone Length
Additional models were run to study damage zones greater than 10 m in width. The
damage zone was set to 100 m and analyses are done like NL1-1 through NL1-7. Figures
4.31-4.34 show that even when nonlinearity is introduced into the competent rock of model
NL2-1 but excluded from NL2-2, similar to the 10 m damage zone, the lines of stress plot
on top of one another proving that the competent rock behavior remains linear with the
applied displacements even when the lowest possible initial inner friction angle and initial
cohesion are tested (15° and 6.7 MPa, respectively). Full properties of the rock can be
found in Table 4.5. Figures 4.35 and 4.36, are included to show the directional deformation
of NL2-1 and NL2-2, respectively, to visually represent how the tunnel would deform over
a 100 m damage zone.
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Table 4.5: Table of rock properties used for models NL2-1 and NL2-2.
Competent Rock Properties
Initial Inner
Friction Angle,
ϕ (°)

Residual Inner
Friction Angle,
ϕr (°)

Dilatancy
Angle, ψ (°)

Initial
Cohesion, c
(MPa)

Residual
Cohesion, cr
(MPa)

Elastic
Modulus, E
(MPa)

NL 2-1

15

7.5

15

6.7

6.7

2,000

NL 2-2

15

7.5

15

6.7

6.7

2,000

Damage Zone Properties
Initial Inner
Friction Angle,
ϕ (°)

Residual Inner
Friction Angle,
ϕr (°)

Dilatancy
Angle, ψ (°)

Initial
Cohesion, c
(MPa)

Residual
Cohesion, cr
(MPa)

Elastic
Modulus, E
(MPa)

NL 2-1

30

15

30

0.5

0.5

50

NL 2-2

30

15

30

0.5

0.5

50
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Figure 4.31: Plot of maximum Von-Mises stress in tunnel crown for models NL2-1 and
NL2-2.
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Figure 4.32: Plot of maximum Von-Mises stress in tunnel invert for models NL2-1 and
NL2-2.

35
NL2-1 Crown

30

NL2-2 Crown

Max. Normal Stress (MPa)

25

20

15

10

5

0
-80
-5

-60

-40

-20

0

20

40

60

80

Longitudinal Position along Tunnel Axis (m)

Figure 4.33: Plot of maximum normal stress in the x-axis in tunnel crown for models
NL2-1 and NL2-2.
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Figure 4.34: Plot of maximum normal stress in the x-axis in tunnel invert for models
NL2-1 and NL2-2.

Figure 4.35: Directional deformation in the y-axis for the tunnel liner in model NL2-1.
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Figure 4.36: Directional deformation in the y-axis for the tunnel liner in model NL2-2.

Comparing the above plots for models NL2-2 and NL2-3, where the initial inner
friction angle is increased to 40°, it can be seen in Figures 4.37-4.30 that there is no
difference in stresses induced into the tunnel liner which further proves that’s the linear
behavior of the competent rock is still controlled by the value of initial cohesion defined.
Table 4.6 presents the properties of the rocks referred to those figures.

Table 4.6: Table of rock properties used for models NL2-2 and NL2-3.
Competent Rock Properties
Initial Inner
Friction Angle,
ϕ (°)

Residual Inner
Friction Angle,
ϕr (°)

Dilatancy
Angle, ψ (°)

Initial
Cohesion, c
(MPa)

Residual
Cohesion, cr
(MPa)

Elastic
Modulus, E
(MPa)

NL 2-2

15

7.5

15

6.7

6.7

2,000

NL 2-3

40

20

40

6.7

6.7

2,000

Damage Zone Properties
Initial Inner
Friction Angle,
ϕ (°)

Residual Inner
Friction Angle,
ϕr (°)

Dilatancy
Angle, ψ (°)

Initial
Cohesion, c
(MPa)

Residual
Cohesion, cr
(MPa)

Elastic
Modulus, E
(MPa)

NL 2-2

30

15

30

0.5

0.5

50

NL 2-3

30

15

30

0.5

0.5

50
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Figure 4.37: Plot of maximum Von-Mises stress in tunnel crown for models NL2-2 and
NL2-3.
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Figure 4.38: Plot of maximum Von-Mises stress in tunnel invert for models NL2-2 and
NL2-3.
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Figure 4.39: Plot of maximum normal stress in the x-axis in tunnel crown for models
NL2-2 and NL2-3.
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Figure 4.40: Plot of maximum normal stress in the tunnel invert in tunnel invert for
models NL2-2 and NL2-3.
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Table 4.7: Table of rock properties used for models NL2-4 and NL2-5.
Competent Rock Properties
Initial Inner
Friction Angle,
ϕ (°)

Residual Inner
Friction Angle,
ϕr (°)

Dilatancy
Angle, ψ (°)

Initial
Cohesion, c
(MPa)

Residual
Cohesion, cr
(MPa)

Elastic
Modulus, E
(MPa)

NL 2-4

15

7.5

15

6.7

6.7

100,000

NL 2-5

40

20

40

6.7

6.7

100,000

Damage Zone Properties
Initial Inner
Friction Angle,
ϕ (°)

Residual Inner
Friction Angle,
ϕr (°)

Dilatancy
Angle, ψ (°)

Initial
Cohesion, c
(MPa)

Residual
Cohesion, cr
(MPa)

Elastic
Modulus, E
(MPa)

NL 2-4

30

15

30

0.5

0.5

50

NL 2-5

30

15

30

0.5

0.5

50

Lastly, the effects of increasing the elastic modulus of the competent rock for the
100 m damage zone was evaluated and the results are presented in Figures 4.41-4.44. It
can be seen in these figures that there is also no change in stress distributions in the tunnel
liner and it can be concluded that the competent rock of the hanging wall and foot wall can
be run linearly. The properties of the rocks for these models are presented in Table 4.7. The
major change from increasing the elastic modulus of the competent rock from 2,000 MPa
to 100,000 MPa is seen in the stress distributions in the part of the tunnel embedded in the
competent rock. The maximum stress value is increased from about 4 MPa up to 17 MPa.
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Figure 4.41: Plot of maximum Von-Mises stress in tunnel crown for models NL2-4 and
NL2-5.
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Figure 4.42: Plot of maximum Von-Mises stress in tunnel invert for models NL2-4 and
NL2-5.
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Figure 4.43: Plot of maximum normal stress in the x-axis in tunnel crown for models
NL2-4 and NL2-5.
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Figure 4.44: Plot of maximum normal stress in the x-axis in tunnel invert for models
NL2-4 and NL2-5.
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4.2 Effects of Damage Zone Properties
This section presents the findings from investigating the effects of damage zone
properties of the 10 m damage zone on the stresses induced on the concrete tunnel liner.
This is followed by the investigation of the damage zone properties of the 100 m and 50
m damage zones and related back to the findings made for the 10 m damage zone.

4.2.1 Cohesion in Damage Zone
The effects of nonlinearity in the damage zone is investigated. Figures 4.45-4.48
are presented to show how the range of values of initial cohesion affects the distribution of
stresses in the tunnel liner where the competent rock properties are identical throughout the
three models. Table 4.8 presents the properties of the rocks used in these models. It should
be noted that the model where the damage zone initial inner friction angle is set to 15°, it
had difficulty completing successfully so knowing that using a value of 30° works, a model
was created using a value of 40° such that a trend could be recognized. 40° will not be used
in final modeling, just to get a trend for the effect of friction angle. Figures 4.45 and 4.46
show that as the value of initial cohesion increases, the distribution of Von-Mises stresses
decreases away from the damage zone but within the damage zone, the difference in results
is negligible. In the plots of normal stresses, Figures 4.47 and 4.48, the same is true and the
normal stresses in the crown and invert of the tunnel liner decreases as the value of initial
cohesion of the damage zone is increased. This means that low cohesion damage zone
rocks have greater affects in increasing the stresses in the tunnel liner into the competent
rock zone. Although this is evident, because the stresses induced are less than about 10.3
MPa (1,500 psi), these stresses are not considered critical enough that the sections of the
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liner systems in the competent rock require additional design to mitigate stresses and to
prevent damage if they are properly designed.

Table 4.8: Table of rock properties used for models NL1-2, NL1-8, NL1-9 and NL1-10
with competent rock E = 2,000 MPa.
Damage Zone Properties
Initial Inner
Friction Angle, ϕ
(°)

Residual
Inner Friction
Angle, ϕr (°)

Dilatancy
Angle, ψ (°)

Initial
Cohesion, c
(MPa)

Residual
Cohesion, cr
(MPa)

Elastic
Modulus, E
(MPa)

NL1-2

30

15

30

0.5

0.5

50

NL1-8

30

15

30

0.1

0.1

50

NL1-9

30

15

30

0.3

0.3

50

NL1-10

30

15

30

1.0

1.0
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Figure 4.45: Plot of maximum Von-Mises stress in tunnel crown for models NL1-8, NL19, NL1-2 and NL1-10.
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Figure 4.46: Plot of maximum Von-Mises stress in tunnel invert for models NL1-8, NL19, NL1-2 and NL1-10.
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Figure 4.47: Plot of maximum normal stress in tunnel crown for models NL1-8, NL1-9,
NL1-2 and NL1-10.
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Figure 4.48: Plot of maximum normal stress in tunnel invert for models NL1-8, NL1-9,
NL1-2 and NL1-10.

4.2.2 Friction Angle in Damage Zone
Figures 4.49-4.52 are presented to show how the effects of varying the initial inner
friction angle of the damage zone rock affects the distribution of stresses in the tunnel liner.
Properties of the rock used in the models referred to in these figures is presented in Table
4.9.

Table 4.9: Table of rock properties used for models NL1-2, NL1-11, and NL1-12 with
competent rock E = 2,000 MPa.
Damage Zone Properties
Initial Inner
Friction Angle,
ϕ (°)

Residual Inner
Friction Angle,
ϕr (°)

Dilatancy
Angle, ψ (°)

Initial
Cohesion, c
(MPa)

Residual
Cohesion, cr
(MPa)

Elastic
Modulus, E
(MPa)

NL1-2

30

15

30

0.5

0.5

50

NL1-11

22.5

11.25

22.5

0.5

0.5

50

NL1-12

40

20

40

0.5

0.3

50
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Figures 4.53-4.58 are also included to show how the stress distributions in the
ground also changes when the friction angle is varied. In these models, the competent rock
is run linearly, and the initial cohesion of the damage zone rock is defined as 0.5 MPa while
the initial inner friction angle increases from 22.5° to 30° to 40°. The plots of Von-Mises
stress show that as the value of inner friction angle increases, the distribution of stresses
increases into the competent rock more so than lower friction angles. Within the damage
zone, the effects of friction angle are negligible. However, in the rest of the tunnel liner the
maximum normal stresses in the crown and invert are higher as the friction angle increases.
Similar to the findings presented in Section 4.2.1, these max stresses induced in the tunnel
liner in the competent rock is less than 10.3 MPa (1500 psi) which is not critical enough
that the liner in the competent rock requires additional design to mitigate these stresses if
the tunnel liner is properly designed.
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Figure 4.49: Plot of maximum Von-Mises stress in tunnel crown for models NL1-11,
NL1-2 and NL1-12.
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Figure 4.50: Plot of maximum Von-Mises stress in tunnel invert for models NL1-11,
NL1-2 and NL1-12.
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Figure 4.51: Plot of maximum normal stress in tunnel crown for models NL1-11, NL1-2
and NL1-12.
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Figure 4.52: Plot of maximum normal stress in tunnel invert for models NL1-11, NL1-2
and NL1-12.
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Figure 4.53: Von-Mises stress of rock in model NL1-2.

Figure 4.54: Von-Mises stress of rock in model NL1-11.
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Figure 4.55: Von-Mises stress of rock in model NL1-12.

Figure 4.56: Maximum Principal Stress of rock in model NL1-2.
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Figure 4.57: Maximum Principal Stress of rock in model NL1-11.

Figure 4.58: Maximum Principal Stress of rock in model NL1-12.

4.2.3 Elastic Modulus of Damage Zone
In determining the 10 m damaged zone elastic modulus critical to the models, initial
cohesion of 0.1 MPa and initial inner friction angle of 30° are used as the M-C properties
in the damage zone. In investigating the effects of varying initial cohesion in models where
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the damage zone and competent rock elastic moduli are 50 MPa and 100,000 MPa,
respectively, the effect of elastic modulus in the competent rock overtakes the effects of
varying cohesion and friction angle in the competent rock. This means that the competent
rock is stiff enough that it moves as a rigid body with the applied displacement, carrying
the tunnel within it, and creating an even distribution of high stresses throughout the liner
in the competent rock, about 19.3 MPa (2,800 psi), regardless of the effects of friction
angle and cohesion as described in Sections 4.2.1 and 4.2.2. This is shown in Figures 4.59
and 4.60, where only these two plots are shown because of the symmetry which exists in
the crown and invert of the tunnel liner. Properties of the models shown in those plots are
presented in Table 4.10. With the higher elastic modulus of the competent rock to save
computational expenses, a cohesion value of 0.3 MPa could effectively be used in modeling
in place of cohesion value of 0.1 MPa because results between the two cohesion values are
equivalent as seen in Figures 4.45 – 4.48. It was also found that when using the elastic
modulus value in the damage zone higher than 50 MPa it is found that the models cannot
complete the runs entirely before failing. This is because the stiffnesses of 500 MPa and
5,000 MPa are so stiff compared to the concrete liner, that the movement of the rock forces
so much stress into the concrete, that the liner fails completely before being able to displace
the full 1.0 meter. It was found that in 500 MPa and 5,000 MPa rock, the liner can displace
about 6.5 and 0.7 cm respectively. The concrete properties were modified to the behavior
of 50 MPa SFRC which proved unsuccessful, and the liner failed at similar displacements
as previously mentioned, likely because the stiffness of the surrounding ground high.
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Table 4.10: Table of rock properties used for models NL1-6, NL1-13, and NL1-14 with
competent rock E = 100,000 MPa.
Damage Zone Properties
Initial Inner
Friction Angle,
ϕ (°)

Residual Inner
Friction Angle,
ϕr (°)

Dilatancy
Angle, ψ (°)

Initial
Cohesion, c
(MPa)

Residual
Cohesion, cr
(MPa)

Elastic
Modulus, E
(MPa)

NL1-6

30

15

30

0.5

0.5

50

NL1-13

30

15

30

1.0

1.0

50

NL1-14

30

15

30

0.3

0.3
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Figure 4.59: Plot of maximum Von-Mises stress in tunnel crown for models NL1-6, NL113 and NL1-14.
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Figure 4.60: Plot of maximum normal stress in the x-axis in tunnel crown for models
NL1-6, NL1-13 and NL1-14.

4.2.4 100 m and 50 m Damage Zone Lengths
A 100 m damage zone is then compared to the 10 m damage zone models. The
properties of the rock are presented in Table 4.11 and Table 4.12, respectively. The effects
of cohesion and friction angle are only slightly evident in the 100 m damage zone model
as shown in Figures 4.61 and 4.62 and Figures 4.63 and 4.64, respectively, and can be
ignored. The M-C properties of the damage zone do not affect the stress distributions
outside of the tunnel as was found in the 10 m damage zone models, but they do affect the
stress distributions of the tunnel liner within the damage zone. Their effects on the stress
distribution of the tunnel liner are similar in comparison to the 10 m damage zone model
where the lower the cohesion, and the higher the friction angle, the greater the stress
distributions. But as previously noted, these effects are only slightly evident and can almost
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be considered negligible. And like the 10 m damage zone model, the effect of increased
elastic modulus in the competent rock increases the overall distribution of Von-Mises
stresses in the tunnel liner. And similarly, the 500 MPa and 5,000 MPa elastic damage zone
moduli create so much nonlinearity that the models cannot complete running successfully.
The reason this occurs is that the increased stiffness of the damage zone wants to move the
concrete as a rigid body, forcing the concrete to fail almost immediately. The critical model
for the 100 m damage zone must also use 50 MPa as the elastic modulus for the damage
zone with a cohesion value of 0.3 MPa. This is because as discussed in Section 4.2.3, using
an initial cohesion of 0.3 MPa and 0.1 MPa produces equivalent results but saves
computational expenses using 0.3 MPa. Using the M-C properties described with increased
elastic moduli of 500 MPa and 5,000 MPa only allowed for displacements of 18.4 cm and
1.6 cm, respectively, before the tunnels failed and the models could not finish their runs
successfully. The concrete properties were modified to the behavior of 50 MPa SFRC,
which also proved unsuccessful in being able to complete the full 1.0 m displacement and
the tunnel also failed at similar displacements as previously noted.

Table 4.11: Table of rock properties used for models NL2-5, NL2-6, and NL2-7 and
competent rock E = 100,000 MPa.
Damage Zone Properties
Initial Inner
Friction Angle,
ϕ (°)

Residual Inner
Friction Angle,
ϕr (°)

Dilatancy
Angle, ψ (°)

Initial
Cohesion, c
(MPa)

Residual
Cohesion, cr
(MPa)

Elastic
Modulus, E
(MPa)

NL2-5

30

15

30

0.5

0.5

50

NL2-6

30

15

30

0.3

0.3

50

NL2-7

30

15

30

1.0

1.0

50
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Table 4.12: Table of rock properties used for models NL2-6, NL2-8, and NL2-9 and
competent rock E = 100,000 MPa.
Damage Zone Properties
Initial Inner
Friction Angle,
ϕ (°)

Residual Inner
Friction Angle,
ϕr (°)

Dilatancy
Angle, ψ (°)

Initial
Cohesion, c
(MPa)

Residual
Cohesion, cr
(MPa)

Elastic
Modulus, E
(MPa)

NL2-6

30

15

30

0.3

0.3

50

NL2-8

15

7.5

15

0.3

0.3

50

NL2-9

22.5

11.25

22.5

0.3

0.3

50
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Figure 4.61: Plot of maximum Von-Mises stress in tunnel crown for models NL2-5, NL26 and NL2-7.
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Figure 4.62: Plot of maximum normal stress in the x-axis in tunnel crown for models
NL2-5, NL2-6 and NL2-7.
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Figure 4.63: Plot of maximum Von-Mises stress in tunnel crown for models NL2-6, NL28 and NL2-9.
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Figure 4.64: Plot of maximum normal stress in the x-axis in tunnel crown for models
NL2-6, NL2-8 and NL2-9.

Because of the difference in findings for the 10 m and 100 m damage zones, the
results could not be translated exactly to the 50 m damage zone models. Thus, further
analyses were required to determine the effects that fault displacement had on the 50 m
damage zone. Results from these analyses are shown in Figures 4.65-4.68 to present the
effects of initial inner friction angle and cohesion with a competent rock elastic modulus
of 100,000 MPa because in common with the other damage zones, the increased elastic
modulus of the competent rock increases the stress distributions in the tunnel liner outside
of the damage zone, into the competent rock. And similar to the to the 100 m damage zone
model, the M-C properties of the damage zone impact the stress distributions in the tunnel
liner within the damage zone, however they do produce a greater effect than seen in the
100 m damage zone plots, although. These effects are greater than those of the 100 m
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damage zone they can still be considered negligible. It should also be noted that like the 10
m and 100 m damage zones, only the 50 MPa elastic modulus value for the damage zone
would run successfully and with the lowest value of cohesion equal to 0.5 MPa.

Table 4.13: Table of rock properties used for models NL3-1, NL3-2, and NL3-3 and
competent rock E = 100,000 MPa.
Damage Zone Properties
Initial Inner
Friction
Angle, ϕ (°)

Residual Inner
Friction Angle, ϕr
(°)

Dilatancy
Angle, ψ (°)

Initial
Cohesion, c
(MPa)

Residual
Cohesion, cr
(MPa)

Elastic
Modulus, E
(MPa)

NL3-1

30

15

30

0.5

0.5

50

NL3-2

30

15

30

0.75

0.75

50

NL3-3

30

15

30

1.0

1.0
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Figure 4.65: Plot of maximum Von-Mises stress in tunnel invert for models NL3-1, NL32 and NL3-3.
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Figure 4.66: Plot of maximum normal stress in the x-axis in the tunnel invert for models
NL3-1, NL3-2 and NL3-3.

Table 4.14: Table of rock properties used for models NL3-1, NL3-2, and NL3-3 and
competent rock E = 100,000 MPa.
Damage Zone Properties
Initial Inner
Friction Angle,
ϕ (°)

Residual Inner
Friction Angle,
ϕr (°)

Dilatancy
Angle, ψ (°)

Initial
Cohesion, c
(MPa)

Residual
Cohesion, cr
(MPa)

Elastic
Modulus, E
(MPa)

NL3-1

30

15

30

0.5

0.5

50

NL3-4

22.5

11.25

22.5

0.5

0.5

50

NL3-5

15

7.5

15

0.5

0.5

50
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Figure 4.67: Plot of maximum Von-Mises stress in tunnel invert for models NL3-2, NL34 and NL3-5.
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Figure 4.68: Plot of maximum normal stress in the x-axis in the tunnel invert for models
NL3-2, NL3-4 and NL3-5.
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Table 4.15: Table of critical models for each damage zone length with competent rock E
= 100,000 MPa.
Damage Zone Properties
Initial Inner
Friction Angle,
ϕ (°)

Residual Inner
Friction Angle,
ϕr (°)

Dilatancy
Angle, ψ (°)

Initial
Cohesion, c
(MPa)

Residual
Cohesion, cr
(MPa)

Elastic
Modulus, E
(MPa)

NL1-14
(10 m)

30

15

30

0.3

0.3

50

NL3-1
(50 m)

30

15

30

0.5

0.5

50

NL2-6
(100 m)

30

15

30

0.3

0.3

50

4.2.5 Displacement Effects
The effects of varying displacement are investigated to determine if stress
distributions are significantly altered before reaching the full 1.0 m displacement applied
to critical models. Figure 4.69 and 4.70 show the Von-Mises and Normal stress
distributions for the 10 m damage zone with applied displacements of 5 cm, 25 cm and 1.0
m. Figures 4.71 – 4.76 show the associated stress distributions from ANSYS. For this width
of damage zone, even small displacements create high, critical stresses within the damage
zone. These stresses are high enough that they need to be addressed in design.
The 100 m critical damage zone is also investigated for the same effects of varying
displacement. The plots of stress distributions as well as the associated stress distributions
from ANSYS are shown in Figures 4.77 – 4.84. Different from the 10 m damage zone, the
effects of varying displacement have a greater influence of stress distributions. It is evident
in these plots that as the displacements are increased, the stresses are significantly increased
in the liner. Low displacements are not as critical in the 100 m damage zone as they are in
in the 10 m damage zone.
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Figure 4.69: Plot of maximum Von-Mises stress in the tunnel crown for model NL1-13
with displacements of 1 m, 25 cm and 5 cm displacement.
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Figure 4.70: Plot of maximum normal stress in the x-axis in the tunnel crown for model
NL1-13 with displacements of 1 m, 25 cm and 5 cm displacement.
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Figure 4.71: Von-Mises stress distribution in tunnel liner for model NL1-13 under 5 cm
displacement.

Figure 4.72: Von-Mises stress distribution in tunnel liner for model NL1-13 under 25 cm
displacement.
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Figure 4.73: Von-Mises stress distribution in tunnel liner for model NL1-13 under 1 m
displacement.

Figure 4.74: Normal stress distribution in tunnel liner for model NL1-13 under 5 cm
displacement.
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Figure 4.75: Normal stress distribution in tunnel liner for model NL1-13 under 25 cm
displacement.

Figure 4.76: Normal stress distribution in tunnel liner for model NL1-13 under 1 m
displacement.
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Figure 4.77: Plot of maximum Von-Mises stress in the tunnel crown for model NL2-6
with displacements of 1 m, 25 cm and 5 cm displacement.
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Figure 4.78: Plot of maximum normal stress in the x-axis in tunnel crown for model NL26 with displacements of 1 m, 25 cm and 5 cm displacement.
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Figure 4.79: Von-Mises distribution in tunnel liner for model NL2-6 under 5 cm
displacement.

Figure 4.80: Von-Mises distribution in tunnel liner for model NL2-6 under 25 cm
displacement.

111

Figure 4.81: Von-Mises distribution in tunnel liner for model NL2-6 under 1 m
displacement.

Figure 4.82: Normal distribution in tunnel liner for model NL2-6 under 5 cm
displacement.
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Figure 4.83: Normal distribution in tunnel liner for model NL2-6 under 25 cm
displacement.

Figure 4.84: Normal distribution in tunnel liner for model NL2-6 under 1 m
displacement.
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4.3 Articulated Design Method
To lessen the damage incurred by the concrete tunnel liner due to fault
displacement, the articulated design method as a solution was investigated and discussed
in this section. The articulated design strategy was investigated in the critical models
determined for the 10 m and 100 m damage zones.
For the 100 m damage zone, six different articulated design methods were
investigated for their effectiveness. These three geometries are presented in Figures 3.6 –
3.11 of Section 3.2 and the results of this investigation are presented in Figures 4.85 and
4.86 and Figures 4.90 and 4.91. The relative stiffness ratio of steel used in these models is
1/50. The stress distributions throughout the tunnel are also shown in Figures 4.87 – 4.89
and 4.92 – 4.94. The maximum stresses both inside and outside of the damage zone are
slightly increased but not enough to cause significant damage in the tunnel liner however
the fully segmented geometries, Geometry 100-3 and Geometry 100-3b, result in the most
favorable stress distributions, that is, no significant amount of damage occurs in the
concrete of the liner system. In addition, the stress distribution in the immediate vicinity of
the faulting is significantly decreased from the continuous liner system presenting a
favorable and constant stress distribution throughout the damage zone. This indicates that
the links in the tunnel liner system allow the stresses to favorably redistribute as the links
of the tunnel system concentrate hinging through the fault. The results also show that there
is no significant difference in stress distributions between the corresponding 5 m and 1 m
links for any given orientation of link placement.
Then the effects of varying relative stiffness ratios throughout the linked section
was investigated and presented in Figures 4.95 and 4.96. This is shown for Geometry 100114

3 only because Geometry 100-3b shows the same trend of stress distributions. It is shown
that the lowest relative stiffness ratio in the linked section results in the most favorable
stress distribution throughout the liner by limiting the stresses that can be developed in the
hinges. This is shown visually through Figures 4.97 and 4.98 and comparing to Figure 4.89.
Through investigating the 10 m articulated geometries, it was found that the concrete tunnel
still experienced significant damage under the applied 1.0 m fault displacement using a
relative stiffness ratio of 1/10. FEA using relative stiffness ratios of 1/20 and 1/50 for
Geometry 10-1 can only go through 52.3 cm and 37 cm, respectively. Using the same ratios
for Geometry 10-2 can both go through 37.3 cm of fault displacement. Results from the
two articulated geometries for the 10 m damage zone for relative stiffness ratios of 1/10
are still presented in Figures 4.99 and 4.100. The results are visually represented in Figures
4.101 and 4.102.
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Figure 4.85: Plot of equivalent stress in tunnel liner crown for Geometries 1, 2 and 3 with
steel ratios of 1/50.
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Figure 4.86: Plot of normal stress in x-axis in tunnel liner crown for Geometries 1, 2 and
3 with steel ratios of 1/50.

Figure 4.87: Equivalent stress of concrete tunnel liner for articulated design Geometry
100-1.
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Figure 4.88: Equivalent stress of concrete tunnel liner for articulated design Geometry
100-2.

Figure 4.89: Equivalent stress of concrete tunnel liner for articulated design Geometry
100-3.
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Figure 4.90: Plot of equivalent stress in tunnel liner crown for Geometries 1b, 2b and 3b
with steel ratios of 1/50.
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Figure 4.91: Plot of normal stress in x-axis in tunnel liner crown for Geometries 1b, 2b
and 3b with steel ratios of 1/50.
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Figure 4.92: Equivalent stress of concrete tunnel liner for articulated design Geometry
100-1b.

Figure 4.93 Equivalent stress of concrete tunnel liner for articulated design Geometry
100-2b.
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Figure 4.94: Equivalent stress of concrete tunnel liner for articulated design Geometry
100-3b.
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Figure 4.95: Plot of equivalent stress in tunnel liner crown for Geometry 3 with relative
steel stiffness ratios of 1/10, 1/20, and 1/50.
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Figure 4.96: Plot of normal stress in the x-axis in tunnel liner crown for Geometry 3 with
relative steel stiffness ratios of 1/10, 1/20, and 1/50.

Figure 4.97: Equivalent stress of concrete tunnel liner for articulated design Geometry
100-3 with a relative stiffness ratio of 1/10.
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Figure 4.98: Equivalent stress of concrete tunnel liner for articulated design Geometry
100-3 with a relative stiffness ratio of 1/20.
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Figure 4.99: Maximum Von-Mises Stress distribution in the tunnel liner crown for
articulated Geometries 10-1 and 10-2 with associated relative stiffness ratios.
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Figure 4.100: Maximum normal stress distribution in the tunnel liner crown for
articulated Geometries 10-1 and 10-2 with associated relative stiffness ratios.

Figure 4.101: Equivalent stress of concrete tunnel liner for articulated design Geometry
10-1 with a relative stiffness ratio of 1/10.
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Figure 4.102: Equivalent stress of concrete tunnel liner for articulated design Geometry
10-2 with a relative stiffness ratio of 1/10.
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CHAPTER 5
SUMMARY & CONCLUSIONS

In this thesis a FEA investigation of tunnels traversing seismic fault zones is
reported. Parameters of competent rock and damage zone rock properties were studied to
observe their effects on tunnel liner damage. The use of articulated tunnel liners to mitigate
liner damage was also evaluated. A literature review was completed to determine
appropriate ranges of material properties and fault displacements.
Results show that competent rock can be modeled as linear-elastic using only the
elastic properties for up to 1.0 m fault displacement investigated, and for the properties
gained from literature review. It was also determined the M-C properties of the damage
zones have effects of varying degrees. In 10 m damage zones subject to 1 m of fault
displacement, surrounded by softer competent rock (E = 2,000 MPa), the effects of the
cohesion and friction angle of the faulted rock are evident in the stress distribution of the
tunnel liner outside of the damage zone into the competent rock though full yielding of the
liner in the damage zone was observed for all cases. Higher friction angle and lower
cohesion result in the highest stress values in the competent rock section of the tunnel.
These stresses do not have a critical enough impact such that special care and design be
undertaken to mitigate these stresses. However, in cases where the faulted rock is
surrounded by stiffer competent rock (E = 100,000 MPa), it is the elastic properties of the
competent rock that control the stress distributions in the tunnel liner outside of the damage
zone instead of the M-C properties of the faulted rock in the damage zone. So, it is
recommended that special care be taken to accurately measure the M-C properties in short
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damage zones surrounded by soft rock so that they can be accurately modeled to determine
stress distributions throughout the tunnel liner, however this is not as critical in damage
zones surrounded by hard rock. But in hard rock, special care should be taken in measuring
the elastic properties, so it can be determined if the stresses into the competent rock are
critical enough for the given design such that they can be designed for expected fault
displacement.
In long damage zones, around 50 m in length and greater, lower cohesion and
higher friction angles of the damage zone rock create slightly higher stress values in the
portion of the tunnel liner crossing the damage zone. However, these M-C properties are
less critical than in the shorter damage zone of 10 m investigated. The portion of the tunnel
liner outside the damage zone, in the competent rock, the stress distributions are controlled
by the elastic properties of the competent rock. In damage zones of these lengths and
greater it is likely that the elastic properties of the rock are what dominate the stresses
induced in the tunnel liner outside of the damage zone. It seems that as the damage zone
increases in length, the M-C properties of the damage zone become less important in
determining the stress distribution in the tunnel liner. Models with elastic moduli of the
damage zone greater than 50 MPa can only undergo a fraction of the displacement that it
can in softer ground. Special care should be taken in stiffer damage zones to evaluate stress
distributions in the tunnel liner caused by fault displacements as they could only withstand
smaller fault displacements in the FEA. Investigating the use of the over-excavation
method as a possible solution to allow these tunnels to move through expected fault
displacements is suggested.
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It is also evident that as the damage zone width increases from 10 m to 50 m, there
seems to be a critical length in which the M-C properties of the damage zone no longer
affect the stress distributions of the tunnel liner into the competent rock of the hanging and
foot walls of the fault. At this length the effects of the damage zone M-C properties begin
to affect the stress distributions only within the damage zone itself with the effects
becoming less evident as the damage zone length increases. At such lengths it is likely that
the elastic properties of the rocks are what dominate the entire stress distributions
throughout the entirety of the tunnel liner.
In shorter damage zones around 10 m in length, it is determined that the expected
displacement is not as critical to be determined as it is for longer damage zones. This is
because even at small displacements, the stresses induced in the tunnel liner are high
enough such that special design needs to be taken to account for this movement to mitigate
these stresses such that the liner does not experience extensive damage. In longer damage
zones it is more critical to spend effort in determining the expected displacements because
the effects of fault displacement on tunnel liner stresses are far more evident. If expected
displacements are small enough, a traditional tunnel liner design may be adequate to
accommodate the site conditions.
The articulated design strategy was investigated to see the effects on mitigating
tunnel liner stresses. It was determined that this is a valid solution in reducing stresses and
resulting damage in the concrete tunnel liner. It is recommended that the fully articulated
geometry be used over the entire area where fault displacement is expected to happen such
that no potential failures in the concrete tunnel liner occur. This is because using isolated
joints would require accurate knowledge of where fault displacement will occur such that
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the links are placed in the correct location to mitigate damage to the concrete liner. If this
was accurately measured, then this could be a cost-effective solution for designers due to
lower number of required joints. Using two sections of isolated joints would also require
accurate mapping of the fault zone to determine where fault displacement could occur,
however this also could be an economic solution if the fault could be accurately measured
such that only the two concrete sections would need to be repaired or replaced after damage
occurs. Use of 1 m and 5 m joint link lengths proved equally effective.
The results of this research can be used to focus a design approach when specific
information about fault width, expected dislocation and ground properties are known.
Details of links in an articulated design could be engineered to match the moment curvature
relationships assumed in these models.
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